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SUMMARY 
 
The objectives of the studies conducted in the Part A of this thesis were to quantify the 
variation of digestible energy (DE) content of wheat and to document the responsible 
factors for the variation. The general hypothesis tested in Part A of this thesis was that 
the variety, growing region, growing season, supplementation of xylanase and post-
harvest grain storage (i.e., six months of storage at ambient temperature) will influence 
the DE content of wheat when fed to weaner pigs. 
 
Experiment 1 (Chapter 3) examined the variation in the chemical composition of wheats 
as influenced by variety (Arrino, Westonia and Stiletto were selected), growing region 
(each wheat was selected from a high, medium and low rainfall region), season (1999 
and 2000) and post-harvest storage for 6 months. In this experiment, up to a 19% 
variation in the crude protein (CP) content (mean13.3, SD 2.59), up to a 5% variation in 
the starch content (mean 65.4, SD 3.56), and a 10-20% variation in the total (mean 9,2, 
SD 0.86), insoluble (mean 8.1, SD 0.84) and soluble (mean 1.1, SD 0.23) non-starch 
polysaccharides (NSP) contents were observed. The major experimental findings were: 
•  Variety of wheat influenced the variation of most carbohydrate components, 
including fast digestible starch (FDS) (P<0.001), acid detergent fibre (ADF) 
(P<0.01), total and insoluble NSP (P<0.05), and in vitro extract viscosity (P<0.05); 
•  The annual precipitation level in each region correlated to bushel weight (P<0.01), 
protein (P<0.01) and carbohydrate composition, including starch (P<0.05), soluble 
NSP (P<0.001), lignin (P<0.001) and free sugars (P<0.001), indicating the 
importance of the growing environment on the DE content of wheat;  
•  Growing season influenced bushel weight (P<0.001), CP (P<0.01), amylose and 
amylopectin (components of starch, P<0.05), ADF (P<0.001), lignin (P<0.001), 
soluble NSP (P<0.001) and free sugars contents (P<0.001), and the in vitro extract 
viscosity of wheat (P<0.05); 
•  Storage of wheat decreased ADF (P<0.05), lignin (P<0.01) and soluble NSP 
contents (P<0.01) and increased the free sugar content (P<0.001). 
 
In Experiment 2 (Chapter 4), the effect of variety, growing region and growing season 
on the DE content of wheat in 5-week-old male weaner pigs was examined, and Summary  III
correlations between various chemical composition of wheat and DE content were 
established. The major findings were: 
•  The DE content of wheats varied by up to 1.3 MJ/kg (12.5-13.8; mean = 13.3) in 
1999 and by up to 1.8 MJ/kg (12.6-14.4; mean = 13.7) in 2000; 
•  Both the variety and growing region significantly influenced (P<0.05 - P<0.001) the 
DE content of wheat; 
•  Generally, the wheat variety Westonia and wheats grown in the low rainfall region 
contained a higher DE content than other wheats and growing regions; 
•  In addition, growing season influenced (P<0.001) DE content of wheat; 
•  The mean DE content determined with weaner pigs in the current study was 
approximately 1 MJ/kg DM lower when compared to published estimates of the DE 
content of wheat determined with growing pigs; 
•  Prediction of in vivo DE content of wheat for weaner pigs using NIRS (Near Infra-
Red Spectroscopy) was not successful. 
•  Significant inverse relationships between the DE content and xylose (P<0.05), NDF 
(P<0.01), total-P (P<0.01) and phytate-P content (P<0.05) of wheat were seen in 
1999. However, such relationships were not significant in 2000, indicating a very 
strong seasonal influence on both chemical composition and DE content of wheat. 
 
Experiment 3 (Chapter 5) examined the effects of a supplemental enzyme (xylanase) 
and storage for 6 months on the DE content of wheats. In 1999, use of the enzyme 
tended to increase the DE content from 13.3 to 13.6 MJ/kg (P=0.065) whereas in 2000, 
use of the enzyme caused no change in DE content (13.7 to 13.6 MJ/kg). However, the 
response to enzyme addition was much greater in some wheats grown in some regions 
than others, suggesting that the DE response to xylanase supplementation was not 
systematic but appeared to be associated with the grain structure, with the DE content 
consequently arising from an interaction between variety and growing conditions of the 
wheat. For wheats harvested in 1999, storage improved the DE content from 13.3 to 
14.0 MJ/kg (P<0.01), but for the 2000 wheats, storage for 6 months decreased DE 
content from 13.7 to 13.0 MJ/kg (P<0.001). However, the 2000 data need to be 
interpreted with caution because some of the wheats were infested with weevils.  
 
The DE response to supplemental xylanase in 1999 was negatively correlated to the 
total and insoluble arabinose to xylose ratio (P<0.01), in vitro extract viscosity (P<0.01) Summary  IV
and lignin (P<0.06), while FDS (P<0.06) and phytate-P (P<0.06) positively correlated to 
the DE response to xylanase. 
 
The DE response to storage in 1999 was positively correlated to the NDF (P<0.001) and 
xylose contents (P<0.01) of the wheats, which had negative influences on the DE 
content of non-stored wheats. The addition of xylanase in stored wheat did not improve 
the DE content, suggesting changes in chemical composition (eg, activation of 
endogenous xylanases) during storage. 
 
In Experiment 4 (Chapter 6), the same wheats were analysed for phosphorus (P) and 
phytate-P content, as the latter is considered to be anti-nutritive in pig diets. The total P 
and phytate-P content of all wheat samples ranged 2.6 (s.e. 0.64) g/kg and 1.8 (s.e. 0.13) 
g/kg DM, respectively. Endogenous phytase activity was highly variable and averaged 
563 (s.e. 29.6) FTU/kg between wheats. The variety, growing region, season and 
storage of wheat did not influence the variation of P content. However, the precipitation 
level over two growing seasons was positively correlated to total-P (P<0.05) and 
phytate-P contents (P<0.05) of wheat. Phytate-P content of wheat can be predicted from 
total-P content (r=0.974, P<0.001). 
 
In Part B, two experimental designs were generated based on the results of experiments 
described in Part A. From the previous experiment (Experiment 2, Chapter 4), it was 
evident that the structure of starch (i.e., amylose: amylopectin ratio) and phytate-P 
content of wheat were correlated to DE content of wheat. To reinforce these established 
correlations the following experiments were carried out, with the general hypothesis that 
the structure of starch (i.e., waxy vs. non-waxy wheat), particle size of ground wheat, 
and phytate-P content of wheat will influence the digestibility of nutrients (i.e., nitrogen, 
energy, minerals) in wheat-based weaner pig diets. 
 
In Experiment 5, the same variety (Janz) of a waxy (98% of total starch was 
amylopectin) isoline and a non-waxy isoline (71% of total starch was amylopectin) 
wheat were ground through a hammermill fitted either with a 8.5 mm or 4.5 mm screen 
to achieve average particle sizes of 930 and 560 µm, respectively. Diets were 
formulated and then fed to weaner pigs (3-5 weeks of age) with or without xylanase 
plus β-glucancase. Digestibilities of starch, nitrogen, energy, and DE content of diets 
were measured at day 7 and day 21 to examine any age-related improvement of nutrient Summary  V
digestibilities during the first 3 weeks post-weaning. Waxy wheat improved total tract 
digestibility of starch (P<0.05) and CP (P<0.05), and the reduction of particle size 
improved total tract starch digestibility (P<0.001) at both 7 and 21 days after weaning. 
However, energy digestibility and DE content of the diet were not influenced by either 
wheat type or particle size. Supplementation of xylanase plus β-glucanase improved 
starch digestibility (P<0.01) and DE content (P<0.05) but not other nutrients, and this 
occurred especially in non-waxy (P=0.03) and larger particle-sized wheat (P=0.01). Pigs 
increased ability to digest protein with age (P<0.05). However, the improvement in 
nutrient digestibilities in waxy and fine particle size wheat diets did not translate to 
improved pig performance. 
 
In Experiment 6, the hypothesis tested was that the digestibility and pig performance 
responses to supplemental xylanase, phytase and xylanase plus phytase would differ in 
weaner pigs according to P content of wheat. To test this hypothesis, two wheats 
containing high and low levels of total P (2.52g vs. 3.76 g total-P/kg DM) were obtained 
and fed to weaner pigs. Diets either had no enzyme or were supplemented with 
xylanase, phytase, or a combination of xylanase plus phytase. The hypothesis was partly 
supported in this experiment, since P and Ca digestibility were influenced by a wheat P 
content by enzyme ineraction. Overall improvements in macronutrient digestibility and 
pig performance by supplementation of various enzymes were not significant. Daily 
growth (P<0.05 – P<0.01) and FCR (P<0.05 – P<0.01) were improved by the 
supplemental enzyme only in the first week of the feeding trial, mainly due to the 
increased P and Ca availability induced by the enzymes. Amounts of P and Ca digested 
were below the recommended requirements by NRC in the first two weeks of the 
feeding trial. Supplementation of phytase generally improved P and Ca digestibility 
(P<0.05) in both low-P and high-P wheats. However, xylanase plus phytase 
supplementation did not produce synergistic effect for macronutrients, and mineral 
digestibilities, over single supplementation of xylanase or phytase. 
 
From the results obtained in this thesis I propose that: 
 
1) The DE content of wehat for weaner pigs is variable due mainly to the change of 
chemical composition mediated by variety, growing environment and storage after 
harvest, and efficacy of supplemental xylanase is dependent on the chemical structure of 
NSP present in cell walls of wheat; Summary  VI
 
2) Structure of starch, particle size, age after weaning, and P content of wheat are 
factors influencing nutrient digestibility in weaner pigs fed a wheat-based diet, and the 
efficacy of phytase on P and Ca digestibilities is dependent on the phytate-P content of 
wheat. Table of contents  VII
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General Introduction 
 
Energy is the most expensive component of feedstuffs for the pig industry, and large 
amounts of cereals are used for this purpose. Energy utilisation is of paramount 
importance for pigs, and the amount of energy a pig can obtain from a feedstuff is 
usually measured by the amount of energy from the cereal digested in the animal 
(digestible energy, or DE content). Amongst the cereal grains, wheat is regarded as 
having the most variable composition and energy value; it is also the most commonly 
used cereal in young (weaner) pig diets in Western Australia. Variation in DE content 
can be caused by many factors, which influence chemical composition of wheat, such as 
the variety of the wheat, the region(s) it is grown in, the season (year) it is grown in, the 
length of time it is stored before use, and the use of exogenous (supplementary) 
enzymes. Despite all these influencing factors, there is very little quantitative 
information pertaining to the DE content of wheats for young pigs, and there is an 
industry need to quantify the variation in DE content in wheats to improve diet 
formulation and maximise returns to producers of pigs. Ultimately, a greater 
understanding of these interacting influences will improve diet formulation and enhance 
the efficiency of pig production. 
 
In pigs, which cannot utilise cell walls to the same extent as ruminants except through 
products of hindgut fermentation, it is the cell wall contents that possess the majority of 
the anti-nutritive effects. The cell walls of cereals are comprised primarily of complex 
carbohydrates, which are termed non-starch polysaccharides (NSP). Originally NSP 
were considered to make minor contributions to the nutrition of monogastric animals 
through limited fermentation in the hindgut. The content of NSP, structure of NSP and 
starch, and levels of phytate-phosphorus are known to influence digestion of nutrients 
and have been studied extensively in grower and finisher pigs. However, information of 
the effects of the chemical structure of wheat and effect of levels of anti-nutritive factors 
(ANF’s, i.e., NSP and phytate-P) on nutrient digestion in weanling pigs is scarce. 
Digestive enzyme secretion, the absorptive capacity, and microbial populations in the 
hindgut of weanling pigs are less developed than that of older pigs. Furthermore, the 
small intestine continues to develop until the pig’s live weight reaches 20kg, while the 
hindgut continues to grow at 150kg (Nielsen, 1962; cited in Fernandez et al., 1986) 
Given these influences, the negative influence of ANF’s on nutrient digestion in 
weanling pigs might be greater in terms of pig performance than that in older pigs. Also, General introduction  2
the ability to digest and absorb plant origin nutrients in weanling pigs might be inferior 
to that of older pigs.  
 
Consequently, the purposes of experiments described in this thesis were to 1) document 
sources of variation for DE content of a range of wheats in weanling pigs; 2) establish 
causative chemical components which influence the DE content of wheat; 3) examine 
the influences of the causative chemical components on nutrient digestibility and 
performance (growth, intake and feed conversion ratio); and 4) examine the efficacy of 
supplementary NSP- and phytate-degrading enzymes in wheat-based diets on 
digestibility and pig performance. 
 
The general hypotheses tested in this thesis were that: 1) the variety, growing region, 
growing season and storage of wheat will affect the chemical composition of wheat, 
which eventually influence the DE content of wheat for weaner pigs; and 2) the addition 
of NSP- and phytate-degrading enzymes in wheat-based diets for weaner pigs will 
improve nutrient digestibility and pig performance. 
 
References 
Fernandez, J. A., Jorgensen, H. and Just, A. (1986). Comparative digestibility experiments with growing 
pigs and adult sows. Animal Production 43: 127-132. 
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for Landmœnd 107: (16), 235-240 (Cited in Fernandez et al., 1986). 
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Chapter 1 
Review of the Literature 
 
1.1 Introduction 
Evaluation of feedstuffs is important because accurate diet formulation and the 
subsequent efficient use of available feeds require an assessment of the digestibility of 
each ingredient. Energy is one of the most expensive components of feedstuffs for the 
pig industry, and in Australia a large portion of the energy in diet comes from grains 
such as wheat. Nutritionists use tabulated digestible energy (DE) values, which are 
traditionally derived from growing pigs, for formulation of diets ranging from young 
pigs to finisher pigs. Due to the under-developed gastrointestinal tract, endogenous 
enzyme systems and low population numbers and diversity of microflora in the gut of 
young pigs compared to that for older pigs, however, the energy digestibility of specific 
ingredients might differ in pigs with various ages, especially in young pigs. Moreover, 
many other factors such as wheat variety, growing locality, climate, post-harvest 
storage, exogenous enzyme supplementation, grain processing and carbohydrate 
characteristics may contribute to the variation in wheat DE content. Therefore, for 
optimal utilisation of wheat as a feed grain, there is a need to define the variation in DE 
content and to understand the interacting factors that influence energy digestibility. 
 
This review of the literature consists of four sections. Section A considers the digestion 
of carbohydrates of plant origin in pigs. To understand the physiological processes of 
carbohydrate digestion in pigs, the morphology and other physiological aspects of the 
small and large intestine, including digestion and absorption processes, are described 
with special reference to weaner pigs. In section B, a detailed consideration is given to 
the chemistry and influence of carbohydrates in the digestive tract of monogastrics. 
Section C describes the methodology for evaluation of energy in feedstuffs. Established 
energy evaluation systems, and in vivo methodologies for pig studies are discussed. 
Finally, section D investigates the factors that may affect the variation of wheat DE 
content in monogastric animals.  Chapter 1: Review of the Literature  5
Section A 
Digestion of carbohydrates of plant origin  
 
1.2 Digestion and absorption in the pig 
1.2.1 Morphology of the digestive tract 
The digestive tract can be considered as a tube extending from the mouth to the anus, 
lined with a mucous membrane, whose function is the prehension, ingestion, 
comminution, digestion and absorption of food, and the elimination of solid waste 
material. The various parts are mouth, pharynx, oesophagus, stomach, small and large 
intestine (Vonk and Western, 1984; McDonald et al., 1995).  
 
The small intestine has been classically divided into the duodenum, jejunum and ileum, 
with the jejunum accounting for about 85% of its length (Friedrich, 1989; Longland, 
1991). The majority of digestion and absorption of nutrients, including protein and 
carbohydrates with α-linkages, occurs in the small intestine. The function of the 
duodenum is buffering of acidic chyme from stomach by the electrolytes secreted from 
the pancreas, and mixing of digesta with enzyme secretions from the pancreas, with the 
jejunal area being the major site of absorption. The Brunner’s glands in the duodenum 
produce an alkaline secretion that acts as a lubricant and also protects the duodenal wall 
from the hydrochloric acid entering from the stomach. Bile and pancreatic juices are 
secreted into the duodenum via the sphincter of odd (Longland, 1991; McDonald et al., 
1995). 
 
The mucosal epithelium is the layer of the intestinal wall in which all uptake and 
transport processes take place. The extensively increased surface area provided by the 
villi and microvilli on the intestinal mucosa facilitates nutrient absorption. Low and 
Zebrowska (1989) indicated that the presence of villi increases the mucosa surface of 
pigs by five times at the age of 4-5 months. The height and density of villi gradually 
decreases from the duodenum to the ileum, and this results in a decrease in the total 
absorptive surface of the mucous membrane in the distal direction (Mouwen, 1970). 
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Figure 1.1 Structure of the intestinal villous and its enterocytes (after Pekas, 1991) 
 
The functional unit of intestinal absorption is the enterocyte (Figure 1.1). The whole of 
the luminal region of the enterocyte formed by the microvilli and glycocalyx is called 
the brush-border region. The function of this region is hydrolysis and absorption of 
carbohydrates, proteins and lipids, and it has specific transport systems (Friedrich, 
1989). Microvilli increase the apical surface of the absorptive cells by approximately 14 
to 40 times, and the outer membrane of each microvillous is covered by the glycocalyx 
and unstirred water layer. The absorptive cells, along with goblet cells, are produced by 
proliferation of undifferentiated cells in the crypt base and the cells undergo 
differentiation during the migration to the tip of the villus. The cells are shed into the 
lumen cavity when the migrating cells reach the tips of the villi. The migrating time Chapter 1: Review of the Literature  7
from crypt to tips of villi is about 48 hours in mice (Moog, 1981) and two to three days 
in 3-week-old pigs (Moon, 1971). It is recognized, although not fully understood, that 
intestinal cell turn over is regulated by precise homeostatic mechanisms such as 
feedback control mechanisms whereby the number of cells in the villus regulates cell 
division in the crypt. Mitotic inhibitors, in this mechanism, are known to control 
negative feedback on the crypts (Galjaard et al., 1972; May et al., 1981). Other factors 
such as glucocorticoids (James et al., 1987
a), gut peptides (James et al., 1987
b) and 
pancreatic secretions (Tivey and Shulman, 1991) are also involved in the homeostatic 
processes by regulating the capacity of enterocytes to express specific functions in the 
young pigs, such as the expression of disaccharidase activity. Goblet cells are mucus-
secreting cells that are present throughout the epithelium, with increasing relative 
frequency from the proximal jejunum to the distal ileum. The mucus acts as a barrier 
that helps to protect the epithelium from potentially noxious intraluminal substances 
(Low and Zebrowska, 1989). 
 
The large intestine consists of a blind-ended caecum, which continues in the colon at the 
point of ileal attachment (Longland, 1991). The large intestine of the mature pig is 4 - 
4.5 m long and has a much greater diameter than the small intestine (Low and 
Zebrowska, 1989). The mucosal epithelium of both the caecum and colon is flat and 
does not have villi as in the small intestine, but there are small projections, which 
increase the surface area (McDonald et al., 1995). The columnar cells are interspersed 
by large numbers of goblet cells that secrete a protective sulphated carbohydrate-protein 
complex that also acts as a lubricant (Low and Zebrowska, 1989). Microflora are 
present in the terminal part of the small intestine, and become greater in number and 
diversity in the large intestine. The majority of microbial fermentation occurs in the 
large intestine and the end products are absorbed, except butyrate, across the mucosa 
mainly as short-chain fatty acids (Longland, 1991; McDonald et al., 1995). The 
fermentation process and subsequent utilization of end products will be discussed later 
in this review. The muscular rectum has a simple structure of columnar epithelial cells 
interspersed with a few goblet cells, and the anus is purely muscular with no mucosal 
cells (Low and Zebrowska, 1989). 
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1.2.2 Digestive physiology of weaner pigs 
The morphological changes and physiological impact of the small intestine associated 
with weaning have been reviewed previously (Pekas, 1991; Cranwell, 1995; Pluske et 
al., 1997). The transition from sow’s milk to dry feed at weaning is associated with 
remarkable changes in the digestive physiology of piglets. In neonatal pigs, the growth 
of villi occurs at a low rate and cells produced in the crypt migrate to the villus with 
little corresponding loss of cells from the villous tip. Consequently, the elongation of 
villous occurs in the first week after birth by cell addition (Smith and Jarvis, 1977). 
However, the villous height was halved at weaning while the villous height in unweaned 
pigs remains unchanged (Smith, 1984).  
 
Also, activities of digestive enzymes change significantly during the first 8 weeks of 
life. The enzymes active for digestion of food materials in the luminal phase, namely 
pancreatic enzymes, are changed at weaning. The relative weight (g/kg) of pancreas to 
body weight was increased markedly at 2 and 4 weeks after weaning compared to the 
weight at 4 weeks of age (1.54-2.19 vs. 1.1-1.2 g/kg, respectively), while the increase in 
relative weight during the suckling period changed very little (0.8-1.0 at birth vs. 1.1-1.2 
g/kg
-1 at 4 weeks of age), indicating increased enzyme secretion capacity at weaning 
(Lindemann et al., 1986; Owsley et al., 1986). Consequently, the pancreatic enzymes 
cleaving linkages of starch, protein and lipid are virtually not functional at birth and 
increase slowly until weaning (3 – 5 weeks of age), in the case of chymotrypsin, 
amylase and lipase, or increase markedly at weaning as in the case of trypsin (Cunha, 
1977; Corring et al., 1978; Lindemann et al., 1986; Owsley et al., 1986; Drochner, 
1991; Pekas, 1991; Nelssen et al., 1992). The levels of pepsin in stomach tissue of pigs 
are low at birth and for the first two weeks of life (0.2 U pepsin/ g dry stomach tissue) 
and are increase rapidly after two weeks (1.7 U pepsin/ g dry stomach at 6 weeks; Lewis 
et al., 1957). 
 
There are enzymes that hydrolyse relatively small nutrient molecules, which were partly 
hydrolysed by pancreatic and stomach enzymes during the luminal phase digestion, in 
the brush-border membrane of enterocytes. Six different carbohydrases including 
lactase, trehalase, isomaltase, sucrase, maltase II and III, and a much larger number of 
proteases, have been identified in the small intestine of pigs (Cranwell, 1995). The 
lactase activity is high enough to digest sow’s milk (90% digestibility) at birth, although 
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to decrease gradually up to 8 weeks (James et al., 1987
b; Shulman et al., 1988; Kelly et 
al., 1991
a,b). In contrast, the activities of sucrase (α-glucosidase) and maltase are 
virtually absent from the mucosa of the small intestine at birth, but increase rapidly to 
reach a peak at 2 weeks of age, and increase gradually up to 4 weeks (James et al., 
1987
b; Shulman et al., 1988; Kelly et al., 1991
b; Sangild et al., 1991). The levels of 
sucrase and maltase activities at 8 weeks were similar to the activities at 4 weeks 
(Kidder and Manners, 1980; Miller et al., 1986). Although the change of diet 
composition (i.e., creep feeding) stimulates the brush-border enzyme activities, age of 
pigs is known to be more important than diet in the development of these enzymes 
(Corring et al., 1978; Kidder and Manner, 1980). 
 
Weaning also influences the development of carbohydrases in brush-border enterocytes. 
The specific activities of sucrase, isomaltase and lactase in pigs weaned at 3 or 5 weeks 
were 2- to 5-fold lower to the activities in unweaned pigs of similar age (Miller et al., 
1986). In another study, a similar rate of reduction in activities of sucrase and lactase 
were reported in pigs weaned at 3 weeks. The sucrase activity returned to the pre-
weaning levels by 11 days after weaning while lactase activity continued to decrease 
(Hampson and Kidder, 1986). The activities of peptidases in brush-border enterocytes 
were also influenced by age and weaning. This will not be discussed in this review and 
can be found elsewhere (Travid et al., 1994; Cranwell, 1995). 
 
The pancreas plays an important role in digestion by synthesizing and secreting specific 
digestive enzymes into the duodenum via a pancreatic duct. While the islet cells of the 
endocrine pancreas produce hormones such as insulin and glucagon, the acinar cells and 
the intra-acinar cells of the exocrine pancreas produce digestive enzymes (amylase, 
proteases and lipase) and electrolytes capable of neutralizing the acidic stomach 
contents, respectively (Malagelada, 1981). Pierzynowski et al. (1995) conducted a study 
to investigate the quantitative and qualitative development of porcine exocrine 
pancreatic juices from suckling till 8 weeks. Both the basal and postprandial secretion of 
the exocrine pancreas remained low through the sucking period. In this study, however, 
it was evident that weaning markedly increased postprandial secretion levels of total 
protein, amylase, trypsin and lipase, whereas the age of pigs was a minor contributor for 
development of the pancreas. Also, both the basal and postprandial secretions of the 
exocrine pancreas were increased quantitatively after weaning, indicating rapid 
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generally increase with age of pigs. As evidence, pancreatic α-amylase activity at birth 
is very low but increases about 9-fold in the first week of neonatal life and 20-fold by 8 
weeks. The pancreatic α-amylase activity in grow-finish pigs is 45-fold higher 
compared to that for neonatal pigs (Longland, 1991). 
 
Another important change influencing digestion processes at weaning is the 
morphological change of villous structure in the small intestine, which results in 
reduced enzyme production from cells at the villous tips. The major changes in 
morphology at weaning are villous atrophy and crypt hyperplasia, and these are 
associated with a decline in the specific activity of the brush-border enzymes such as 
lactase and sucrase (Pluske et al., 1995; 1997). The ratio of villous hight: crypt depth is 
significantly reduced after weaning as a result of villous atrophy and crypt hyperplasia. 
Villous atrophy occurs immediately after weaning until the fifth day (50% reduction of 
villous height from the height at weaning) and begins to increase thereafter, although 
the most significant reduction of villous height appeared within 24 hours (75% pre-
weaning value) (Hampson, 1986). The increase in crypt depth that occurs is maximal at 
three days after weaning and occurs until the eleventh day, probably due to the 
decreased energy and protein intake (Hampson, 1986; Pluske et al., 1997). Increased 
crypt depth generally indicates an increased rate of crypt cell production. Consequently, 
more immature enterocytes reach the tip of the villous, and these immature enterocytes 
produce insufficient digestive enzymes to hydrolyse carbohydrates and proteins from 
solid diets (Partridge, 1995). 
 
From the above review of the literature, it is evident that the marked changes in enzyme 
activities and morphology of the small intestine and pancreas occur at weaning. It is 
possible that such changes may induce the alteration of feed intake, digestion capability, 
and growth potential of weaner pigs. Therefore, the formulation of weaner pig diets 
needs to include the use of highly-digestible ingredients and reliable nutrients matrix for 
each ingredient to minimise the post-weaning growth check seen in most commercial 
piggeries. 
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1.2.3 Carbohydrate digestion and absorption in the pig 
1.2.3.1 Carbohydrate digestion 
The carbohydrate fraction in monogastric animal feeds is heterogeneous, but can 
generally be classified as storage carbohydrates (starch) and the non-starch 
polysaccharides (NSP) of plant cell walls (cellulose, hemicellulose and pectins). While 
the animal’s endogenous enzymes can hydrolyse the storage carbohydrates, the NSP-
fraction cannot be digested by the animal’s enzymes but must be fermented by the gut 
microflora, yielding volatile fatty acids (VFA), lactate, microbial biomass and gases 
(Drochner, 1991; Longland, 1991). Low amounts of free sugars and oligosaccharides, 
which are also found in animal feeds, may be absorbed directly or fermented (Drochner, 
1991). 
 
Digestion in the mouth of the pig is negligible. Intake of dry feed induces secretion of 
saliva, containing water, mucus and α-amylase. However, the activity of salivary α-
amylase is low. Salivary α−amylase acts on starch, glycogen and other oligo- and poly-
saccharides that contain three or more α-(1→4)-linked D-glucose units (McDonald et 
al., 1995). The internal linkages of amylose are hydrolysed with equal ease but the 
breakdown of terminal linkages is considerably low (Walker and Whelan, 1960). 
Therefore, the breakdown products of pig salivary α-amylase are maltose, maltotriose 
and some dextrins (Drochner, 1991; Longland, 1991). On the other hand, a number of 
branched α-(1→6)-glucosidic bonds in the amylopectin is not hydrolysed by α-amylase 
(Roberts and Whelan, 1960). The optimum pH for α-amylase is 7.0 and the lower pH 
limit is 3.5. 
 
In the stomach, small amounts of sugar, starches, hemicelluloses and pectic substances 
breakdown due to the fermentative activity of the gastric microflora, and the main end 
product is lactic acid (Friend et al., 1963). The gastric mucosa is able to absorb limited 
amounts of VFA, but its contribution to full body energy-pool is negligible (Argenzio 
and Southworth, 1974). 
 
Storage carbohydrates are digested extensively in the small intestine. Carbohydrate 
digestion in the small intestine occurs in two different stages. The ingested starch is 
digested into di- or oligo-saccharides and α-dextrins by salivary and pancreatic α-
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and maltotriose) occurs in the mucosa of the small intestine by specific carbohydrases 
(maltases) embedded in the glycocalyx, which produce monosaccharides (glucose, 
galactose and fructose) and α-dextrins reached to the brush-border are hydrolysed by 
dextrinase (α-1,6-glucosidase) that are then transported across the enterocytes into the 
portal circulation (Ruckebusch et al., 1991).  
 
Digesta of low pH entering the small intestine from the stomach stimulates secretion of 
alkaline pancreatic juice, bile and the products of Brunner’s glands that provide a 
suitable level of pH for carbohydrase activity. Pancreatic α-amylase breaks down α-
(1→4) bonds in starch to produce large amounts of reducing sugars (especially 
maltose). Pancreatic α-amylase is produced 5-10 times more than that ca hydrolyse the 
amount of substrates eaten by pigs (Longland, 1991; McDonald et al., 1995). The brush 
border in the small intestinal mucosa produces maltases, lactase and trehalase. Among 
the maltases, isomaltase break down isomaltose and limited dextrins, sucrase hydrolyses 
sucrose into fructose and glucose, and glucoamylase I splits maltodextrose, starch, 
isomaltose, limited dextrins, tyranose and maltosucrose. Glucoamylase II has the same 
properties to those of glucoamylase I, but this is a more heat-resistant maltase 
(Drochner, 1991; Longland, 1991). Therefore, these maltases hydrolyse α-(1→6) 
linkages and the resulting end-products degraded to glucose either by α-amylase or 
maltases. The brush-border lactase hydrolyses not only different types of β-galactosides 
but also β-glucosides. However, the concentration of lactase decreases with age. 
Trehaloses are hydrolysed by trehalase to two molecules of α-glucose (Drochner, 1991; 
Longland, 1991;). 
 
Any other enzymes present in the digestive secretions of the pig do not hydrolyse the 
lignin and structural carbohydrates such as cellulose, hemicellulose. Also, certain 
starches, such as raw potato starch, are not broken down by amylase, although more 
than 95% of commercial feed starches are hydrolysed at the end of the small intestine 
by gastrointestinal carbohydrate-degrading enzymes (Bach Knudsen, 1991). In addition, 
carbohydrates trapped by lignified tissues are resistant to the action of digestive 
enzymes. 
 
The large intestine (predominately caecum and colon) is the site for microbial 
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undigested dietary substrates such as NSP, starch and proteins, and non-dietary 
substates, such as sloughed epithelial cells, mucin and digestive enzymes (Salyers et al., 
1977; Cummings et al., 1986; McDonald et al., 1995). The density of microorganisms 
in the large intestine reaches up to 10
11/g digesta. The microbial density in the terminal 
ileum, caecum and colon of growing pigs is reported to be 10
8~10
9, 10
9~10
10, and 
10
10~10
11/g
 digesta, respectively (Jensen, 1988). Both aerobic and anaerobic bacteria 
populate the caecum and colon but anaerobic bacterial species, such as lactobacilli, 
streptococci, coliforms, bacteroids and clostridia, are predominant (Strombeck and 
Guilford, 1991; McDonald et al., 1995; Buddington, 1996). The chemical structure and 
properties of available substrates are known to influence the bacteria species that reside 
in the ceacum and colon and, therefore, the fermentation end-products (Goodlad and 
Mathers, 1990; Mortensen and Nordgaard-Andersen, 1993; Buddington, 1996). 
 
The soluble carbohydrates such as most of starch, soluble NSP, pentoses, rhamnose and 
fucose are degraded rapidly to their monomeric constituents by microbial enzymes in 
comparison to the insoluble carbohydrates such as cellulose. The hexoses, both from 
soluble and insoluble carbohydrates, are metabolized by the bacteria to volatile fatty 
acids (VFA’s: acetate, propionate and butyrate) and gases (CO2, H2 and CH4) 
(Argenzio, 1993). A typical fermentation balance of hexose is: 
 
57.5 (C6H12O6) → 65 Acetate (CH3COOH) + 20 Propionate (CH3CH2COOH) + 15 Butyrate 
(CH3CH2CH2COOH) + 60 CO2 + 35 CH4 + 25 H2O 
 
Threfore, approximate molar proportion of acetate, propionate and butyrate from the 
fermentation of various carbohydratres are reported to be 50–60%, 20-25%, and 15-
20%, respectively (Bergman, 1990; Cummings and Macfarlane, 1991; Topping, 1996; 
Hove, 1998; Salminen et al., 1998; Christensen et al., 1999). Small amounts of lactate 
and succinate are also produced as fermentation by-products. The carbohydrate sources 
are known to influence the molar proportion of VFA’s. For example, if substrates 
contain high amounts of starch, the propionic acid proportion will be increased 
compared to high-fibre substrates, which produce more acetate (Goodlad and Mathers, 
1990; Argenzio, 1993; Mortensen and Nordgaard-Andersen, 1993). In a pig study (50-
85kg), the molar proportion of acetate, propionate and butyrate with a low-fibre diet 
(56g kg
-1 NSP) were 60%, 21% and 6%, respectively, while the molar proportions of 
corresponding VFA’s in high-fibre diet (wheat bran, 102g kg
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and 6%, respectively. In this study, the acetate, propionate and butyrate concentration in 
the high-fibre diet (oat bran, 93g kg
-1 NSP) produced 57%, 21% and 9%, respectively, 
indicating that the source of fibre also influences the molar proportion of VFA’s 
(Christensen et al., 1999). 
 
1.2.3.2 Carbohydrate absorption 
The digestion and absorption of carbohydrates have been reviewed by Wiseman (1964), 
Reiser (1976), Low (1980), Rérat (1981), and Linder (1991).  
 
Only monosaccharides are absorbed from the intestinal lumen by passage through the 
mucosal epithelial cells into the blood stream (Orten and Neuhaus, 1982; Linder, 1991). 
The digestion of carbohydrates by pig gastrointestinal enzymes results in the production 
of monosaccharides. The formation of these simple sugars from disaccharides takes 
place on the surface of the microvillus membrane. Although passage of 
monosaccharides through the absorptive cell membrane may occur, to some extent, by 
simple diffusion (e.g. pentoses such as ribose, xylose), this is not the primary 
mechanism for the absorption of the hexoses, especially glucose and galactose 
(Wiseman, 1964; Reiser, 1976; Orten and Neuhaus, 1982; Linder, 1991; McDonald et 
al., 1995). 
 
Glucose and galactose are transported by an energy dependent carrier, where the sugar 
molecules move into the absorptive cell along with sodium ions. Thus, glucose and 
galactose are transported against their concentration gradients. Fructose is absorbed by 
facilitated diffusion on a membrane carrier. This is not an energy-requiring process, but 
fructose is absorbed more quickly than by simple diffusion (Reiser, 1976; Orten and 
Neuhaus, 1982; Linder, 1991; McDonald et al., 1995).  
 
The VFA’s, products of microbial fermentation in the large intestine, are absorbed by 
simple diffusion through the membrane of the large intestine and contribute up to 25-
30% to the maintanence energy supply in the grow/finisher pigs (Mason, 1980; Yen et 
al., 1991; Shi and Noblet, 1993
b; Varel and Yen, 1997). Butyrate is preferably used for 
proliferation of colonocytes (Topping, 1991; Bach Knudsen et al., 1993; Barry et al., 
1995), while the peripheral tissues and the liver metabolises acetate and propionate, 
respectively (Bourquin et al., 1992). Lactate is rapidly metabolized to VFA mainly in Chapter 1: Review of the Literature  15
the caecum and colon (Mortensen and Nordgaard-Anderson, 1993; Rowe, 1997; 
Clausen et al., 1998; Hove, 1998). However, in acidic environment, lactate-producing 
bacteria can be proliferating and low luminal pH inhibits other VFA-producing bacteria 
resulting in decreased VFA concentration, especially when monogastric animals fed 
highly fermentable carbohydrates (Rowe, 1997). 
 
 Chapter 1: Review of the Literature  16
Section B 
Wheat polysaccharides and their physico-chemical 
influence on digestibility of energy 
 
1.3 Chemical composition of wheat 
Starch, dietary fibre (NSP plus lignin) and protein are the main components of wheat 
grain, but it also contains low-molecular-weight sugars, fat and ash. For example, the 
chemical composition of wheat in a study by Shi and Noblet (1993
a) was: starch 66.8%, 
protein, 13.1%, neutral detergent fibre (NDF) 12.9%, acid detergent fibre (ADF) 3.3% 
and lignin 0.9% (dry matter basis). Wheat contains 50% more lysine and 300% more 
tryptophan than corn and has about the same amino acid profiles as barley. However, 
wheat has 1.5 – 2.0% fat compared to 3.0 – 4.0% for corn, which most likely 
contributes to the lower energy content compared with corn (Mavromichalis and 
Hancock, 1999). In addition, wheat contains low-molecular-weight sugars (2.4%) and 
ash (2.0%, DM; Shi and Noblet, 1993
a). 
 
Wheat contains both water-soluble and insoluble non-starch polysaccharides (NSP), 
which constitute between 7.5 and 16.6% of the dry matter (see Table 1.2). Typical 
contents (% DM) of major NSP are: 8.1% arabinoxylan (1.8% soluble fraction) with a 
range from 3.5 – 10.6% (DM), 0.8%  β-glucan (0.4% soluble fraction), and 2.0% 
insoluble cellulose. Furthermore, wheat contains 0 – 0.3% of mannose, galactose and 
uronic acid (Englyst, 1989, Bach Knudsen, 1997, see Table 1.2). As fibre, or its major 
constituents, NSP, are variable with different varieties, growing locations and climate 
(Longstaff and McNab, 1986; Coles et al., 1997).  
 
For example, total NSP contents in 12 UK wheats ranged from 8.76 to 12.92% DM with 
a mean value of 10.43% (Austin et al., 1999). Arabinoxylans comprise 88% of 
endosperm cell walls, of which one-third is soluble in water (Mares and Stone, 1973
a), 
and 65% of the aleurone cell walls of wheat (Bacic and Stone, 1981
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composition of wheat cell walls are extensively studied (Mares and Stone, 1973
a,b; 
Fincher, 1975; Bacic and Stone, 1981
a,b).  
 
Table 1.1 Variation in chemical composition (% dry matter) of wheat 
Ref.
# N =* CP  CFat  Cfibre NDF  ADF  Lignin  Starch  Sugars 
1  33  9.5-22.8  1.0-2.1  2.1-4.3  - -  - - - 
2  7  15.0-19.3  1.2-1.8  3.3-3.9  - -  - - - 
3  17 13.1-18.7  1.6-2.1  2.1-3.1 -  -  -  55.4-64.3  - 
4  35 10.6-20.4  1.0-2.4  2.4-4.3 -  -  -  62.4-73.1  2.3-4.2 
5  16 10.2-17.3  1.8-2.4  2.4-4.2  -  3.0-4.3 - 61.7-68.4  2.6-3.7 
6  1 14.8 2.7 2.6  -  -  -  64.1  - 
7  8 12.3-21.7  1.5-1.9  2.2-3.5 10.1-15.3 3.7-7.1  -  -  - 
8  5 11.8-15.6  -  -  12.9-19.3  3.8-6.0  -  -  - 
9  52 9.1-20.4  -  -  7.8-16.0 2.7-6.0  -  -  - 
10  8  10.1-16.1  1.2-1.8  1.7-2.3  - -  - - - 
11  5  11.8-15.8  -  - - -  - - - 
12  24  11.1-19.7  -  - - -  - - - 
13  21 11.4-18.0  -  -  -  -  -  58.8-71.9  - 
14  1 13.8 2.6 3.0  -  -  -  79.5  - 
15  34 -  -  -  -  -  -  50.4-59.6  - 
16  1  12.1  2.4  - - -  - - - 
17  1  13.8 2.2  2.4 10.8 3.8 -  -  - 
18  13 11.9-15.2    -  -  4.6-6.0  -  61.5-68.6  - 
19  1  14.7  1.6  2.3  - -  - - - 
20  1 13.1 1.7 2.7  12.9  3.3 0.9  66.8  2.4 
21  1 14.6 1.8 2.4  11.1  3.4 1.1  67.4  3.1 
22  70 11.7-15.3  -  2.1-2.9  -  - -  66.7-70.6  2.3-4.1 
23  24 -  -  -  -  -  -  57.4-64.6  - 
24  32 11.6-18.3  1.7-2.2  2.3-2.9 9.2-11.7  -  -  57.6-65.2  - 
25  15 13.0-18.1  1.7-2.6  2.6-4.1 12.9-25.0 3.1-5.1  -  55.5-66.3  - 
Range  426 9.1-22.8 1.0-2.7  1.7-4.3 7.8-25.0 2.7-7.1  0.9-1.1 50.4-79.5 2.3-4.2 
* Number of wheats examined. 
CP (crude protein), Cfat (crude fat), CFibre (crude fibre), NDF (neutral detergent fibre), ADF (acid detergent fibre) 
#Reference: 1. March and Biely (1973), 2. Bowland (1974), 3. Bhatty et al. (1974), 4. Sibbald and Price (1976) 5. Coates et al. 
(1977), 6. Eggum (1977), 7. Batterham et al. (1980
a), 8. Taverner et al. (1981), 9. Taverner and Farrell (1981), 10. Wiseman et al. 
(1982), 11. Anderson and Bell (1983
a), 12. Anderson and Bell (1983
b), 13. Mollah et al. (1983), 14. Lin et al. (1987), 15. Rogel et al. 
(1987), 16. Smith et al. (1987), 17. Bell and Keith (1989), 18. Fuller et al. (1989), 19. Hayden and Hobbs (1991), 20. Shi and Noblet 
(1993
a), 21. Noblet et al. (1993), 22. Metayer et al. (1993), 23. Coles et al. (1997), 24. Kopinski (1997), 25. Zijlstra et al. (1999) 
 
Due to the inverse relationship between starch and fibre components, however, 
considerable variation in the chemical composition of wheat has been reported, 
particularly with regard to starch and NSP. A total of 426 wheat samples reported in the 
literature were reviewed (see Table 1.1.), and data analysis showed that the most 
variable components in the wheats were starch, CP, and NSP (NDF and ADF). The 
starch content ranged from 50.4 to 79.5%, crude protein varied from 9.1 to 22.8%, NDF 
from 7.8 to 25.0%, ADF from 2.7 to 7.1% and lignin from 0.9 to 1.1%. The crude fat, 
crude fibre and low-molecular-weight sugars contents varied from 1.0-2.7%, 1.7-4.3% 
and 2.3-4.2%, respectively. Also, NSP contents of wheat varied from 3.5-10.6% 
arabinoxylans, 0.3-1.2% mixed-linked β-glucan, and 7.5-16.6% total NSP (see Table Chapter 1: Review of the Literature  18
1.2). This wide variation of chemical composition of wheat may consequently results in 
variability of digestible nutrients when fed to pigs. 
 
Table 1.2 Variation in NSP content (% dry matter) of wheat 
Ref N=  AX  β-glucan  Cellulose Mannose  Galactose  Glucose  UA  Total 
1  1 8.1(1.8)  0.8(0.4)  2.0(N)  t  0.3(0.2)  0.8(0.4)  0.2(t)  11.4(2.4) 
2  24 5.7-7.0  -  -  -  -  -  -  - 
3  15 6.9-10.6 
(1.2-2.1) 
- -  0.08-0.33 
(0-0.99) 
0.22-0.54 
(0.14-0.26) 
3.2-5.0 
(0.2-0.8) 
- 10.5-16.6 
(1.7-3.3) 
4  66 5.91±1.32*  0.67±0.17  -  -  -  -  -  - 
5  24 5.3-6.8 0.7-1.0  1.8-3.4  -  -  -  -  10.0-13.8 
6  1  7.7(2.1)  -  1.6(N) 0.1(0.1) 0.3(0.2) 0.9(0.3)  0.3(0.1)  10.9(2.8) 
7  1 5.76  -  -  0.11  0.32  4.74  0.59  11.9 
8  1 6.0  -  2.7  0.5  0.4  -  0.7  10.2 
9  26 3.52-6.39 
(0.49-1.64) 
0.32-1.16 -  -  -  -  - 7.5-11.45 
(1.58-4.61) 
10  81 -  -  -  -  -  -  -  8.13-15.68 
(9..3-17..9) 
11  5  7.6(1.6)  0.8  2.0(N) 0.3(0.2) 0.4(0.2) 1.1(0.4)  0.5(0.1)  11.9(2.5) 
12  12 3.7-8.1 0.6-0.7  -  0.2-0.3 0.3-0.5 3.2-4.0  0.3-0.4  8.3-12.9 
Range  245 3.52-10.6 
(0.49-2.1) 
0.32-1.16 1.6-3.4 
(N) 
0.08-0.33 
(0-0.2) 
0.22-0.54 
(0.14-0.26) 
0.8-4.7 
(0.2-0.8) 
0.2-0.7 
(t-0.1) 
7.5-16.6 
(0.93-4.61) 
Figures presented in bracket indicate soluble fraction, N: none, -: Not determined, t: trace, *: X±2SD, AX: Arabinoxylan (Sum of 
arabinose and xylose), UA: Uronic acid 
Reference: 1. Englyst (1989), 2. Coles et al. (1997), 3. Zilstra et al. (1999), 4. Kopinski (1997), 5. Åman (1988), 6. Englyst and 
Kingman (1990), 7. Chesson (1987), 8. Dierick and Decuypere (1994), 9. Dusel et al. (1997
a), 10. Choct et al. (1999
b), 11. Bach 
Knudsen (1997), 12. Austin et al. (1999). 
 
1.4 Wheat Polysaccharides 
1.4.1 Starch and resistant starch 
Starch is a macromolecular polymer of glucose, which is joined mainly by α-(1→4) 
glucosidic bonds with a small number of α-(1→6) glucosidic linkages. The linear α-
(1→4)-glucan is known as amylose, while the branched form at C-6 is known as 
amylopectin. The amylose contents of most non-waxy cereal starches (normal isoline 
oppose to high amylopectin waxy isoline) lie between 20 and 35% DM (Annison and 
Choct, 1994; Zobal and Stephen, 1995; Asp, 1996). For example, amylose content of 
Australian wheat varieties ranged from 21% to 24.9% and amylopectin content ranged 
from 33.7% to 39.4% (DM) (Kopinski, 1997). In wheat, molecules of amylose, Chapter 1: Review of the Literature  19
amylopectin, and limited amounts of water are organised in the crystalline granule 
(Zobal and Stephen, 1995). Starch constitutes about 64% and 70% of the dry matter of 
the entire wheat grain and the endosperm, respectively (Evers et al. 1999). 
 
During the digestion processes, these glucosidic bonds are almost completely cleaved 
by endogenous α-amylolytic enzymes of monogastrics. However, a proportion of 
starch, which is protected by intact cell walls that prevent or reduce access by host α-
amylase, escapes the enzymic digestion in the small intestine and is rapidly fermented 
by micro-organisms in the large intestine in the same manner as fibre. This represent 
little more than 2% of the starch consumed and is known as resistant starch (Englyst and 
Kingman, 1990; Annison and Choct, 1994; Chesson, 1995). For example, apparent ileal 
digestibilities of raw (resistance) and processed (normal) barley in weaner pigs were 
98.4% and 99.3%, respectively (Medel et al., 2002). 
 
1.4.2 Definition and classification of Dietary Fibre (DF) and Non 
Starch Polysaccharides (NSP) 
The definition and classification of dietary fibre (DF) and NSP has been discussed in 
numerous primary papers and reviews (Trowell, 1976; Southgate, 1982; Selvendran, 
1984; Fincher and Stone, 1986; Selvendran et al., 1987; Englyst, 1989; Englyst and 
Kingman, 1990; Lewis, 1993; Annison and Choct, 1994; Spiller, 1994; Chesson, 1995; 
Asp, 1995, 1996; Choct, 1997; Bjergegaared et al., 1997). 
 
Dietary fibre is first defined as all plant polysaccharides and lignin that are resistant to 
hydrolysis in the small intestine by digestive secretions of monogastrics. This definition 
includes storage polysaccharides, plant gums, and mucilages in the category of DF 
(Trowell, 1976). Due to the limitations for routine chemical analysis of fibre estimation, 
however, DF was redefined later as the sum of lignin and all NSP in food (Southgate, 
1982; Selvendran, 1984). Englyst and Kingman (1990), however, eliminated the lignin 
component from the boundary of DF, thus defining it as sum of the NSP in food. This 
exclusion was due to the fact that lignin is not a polysaccharide and it has very different 
physiological effect from those of NSP. Nevertheless, DF will be considered as the sum 
of NSP and lignin hereafter because, until recently, most nutritional studies included the 
lignin as a component of DF. Chapter 1: Review of the Literature  20
 
The NSP cover a large variety of polysaccharide molecules, which have glucosidic 
bonds other than the α-(1→4), and α-(1→6). Therefore, the NSP consist of cellulose, 
which are a linear β-glucans, and a range of heteropolysaccharides without α-glucosidic 
linkages. Cereal cell walls are the main source of feed NSP (Asp, 1996). Unlike starch, 
glucosidic bonds of NSP are resistant to hydrolysis by endogenous mammalian enzymes 
but are highly susceptible to degradation by the bacteria in the hindgut (Annison and 
Choct, 1994; Choct, 1997). 
 
The complex structure of NSP and confusion in the nomenclature has made it almost 
impossible to draw a clear classification of NSP. The NSP were originally classified by 
the methodology used for extraction and isolation of polysaccharides. The alkali soluble 
fraction was called hemicellulose, and the fraction remaining after a series of alkaline 
extractions was called cellulose (Choct, 1997). The NSP are also classified by 
differences in solubility, which has been used for a long time by nutritionists as a 
classification method for DF. Crude fibre (CF) is the insoluble fraction following 
extraction with acid and alkali, and includes variable portions of the insoluble NSP. 
Neutral detergent fibre (NDF) is a portion of insoluble NSP and lignin. The NDF, 
however, does not include water-soluble polysaccharides and pectic polymers, which 
are lost in the extraction process with detergent. Acid detergent fibre (ADF) refers to a 
portion of insoluble NSP comprised largely but not exclusively of cellulose and lignin 
(Chesson, 1995; Choct, 1997). The NSP were classified as structural or storage 
polysaccharides by some researchers (Graham, 1991; Longland and Low, 1995). In this 
classification, mannans, galactans, and xyloglucans were included as cell wall storage 
polysaccharides, and cellulose, hemicellulose and pectin were included as cell wall 
structural polysaccharides. Occasionally, NSP are classified by contents of uronic acids 
in the chain. For example, those rich in uronic acids are known as the pectic fraction and 
those poor in uronic acids are defined as the hemicelluloses (Southgate and Englyst, 
1985; Wisker et al., 1985; Schneeman, 1986). However, the main groups of NSP can be 
classified as: cellulose, non-cellulosic polymers (arabinoxylans, mixed-linked β-
glucans, mannans, galactans, xyloglucan), and pectic polysaccharides (polygalacturonic 
acids, which may be substituted with arabinan, galactan, and arabinogalactan) 
(Theander et al., 1989; Lewis, 1993; Choct, 1997). 
 Chapter 1: Review of the Literature  21
1.4.3 Structure of grain and plant cell walls 
The NSP and lignin are principal components of plant cell walls. Therefore, studying 
the plant cell wall structure might provide crucial information about chemical and 
physical properties of polysaccharides and lignin in cereal-based food. 
 
1.4.3.1 Structure of grain 
1.4.3.1.1 Embryo 
The embryo is the plant of the next generation. It is connected to and couched in the 
scutellum, which lies between the embryo and the endosperm. The scutellum acts as a 
secretory and absorptive organ, and exchange of water and solutes between the 
scutellum and starch endosperm is extremely rapid during germination process. 
Secretion of hormones and enzymes and absorption of solubilized nutrients occurs 
across this boundary during germination (Swift and O’Brien, 1970). In the case of 
wheat, embryo and scutellum comprise 1.0 – 1.6% and 1.4 – 2.0% of the grain, 
respectively (Kent, 1983). 
 
1.4.3.1.2 Endosperm 
The endosperm is the largest tissue of the grain. It comprises two major components, 
starch and protein. Cell size diminishes towards the outside and this is accompanied by 
increasing cell wall thickness. The arabinoxylan in wheat and rye, and mixed linked β-
D-glucan in oats and barley, are the main components of the starch endosperm cell 
walls. Cellulose contributes little or none to cereal endosperm cell walls (Evers et al., 
1999). In the case of wheat, starch endosperm comprises 81.4 – 84.1% of grain (Kent, 
1983). 
 
1.4.3.1.3 Aleurone 
The aleurone cell wall, which surrounds the endosperm cell wall, consists of 1 to 3 
layers of thick-walled cells. Wheat, rye, oats, maize, rice and sorghum have 1 layer and 
barley has 3 layers. Aleurone cells contain no starch but they are rich in protein and 
lipid. They are extremely important in germination or the grain developmental stage. In 
the grain development stage, they divide to produce starch endosperm, and they are the 
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nutrients in the germination process (Evers et al., 1999). In the case of wheat, aleurone 
cells comprise 6.4 – 7% of grain (Kent, 1983). 
 
1.4.3.1.4 Pericarp. 
The pericarp is a multilayered structure consisting of several complete and incomplete 
layers. Generally it is dry at maturity and consists of largely empty cells. The outer 
epidermis has a cuticle, which controls water relations in growing grains but generally 
becomes leaky on drying (Evers et al., 1999). In the case of wheat, pericarp and testa 
comprise 7.4 – 9.5% of grain (Kent, 1983). 
 
Fig. 1.2. Structure of plant cell wall and cellulose (After Bjergegarrd et al., 1997) 
 
1.4.3.2 Structure of plant cell walls 
The plant cell wall is a biphasic structure. Cellulose microfibrils form a rigid skeleton, 
which is embedded in a gel-like matrix composed of the non-cellulosic polysaccharides 
and glycoproteins (Fry, 1986). The constituents of cereal cell walls are: 1) the fibrillar 
polysaccharides, which are basic structural units of microfibrils (mainly cellulose), 2) 
the matrix polysaccharides (non-cellulosic polysaccharides and pectic polysaccharides), 
and 3) the encrusting substances (lignins) (Selvendran et al., 1987). Primary cell walls 
of cereal grains consist predominantly of an amorphous matrix of hemicellulose in 
which cellulose microfibrils are embedded (Fincher and Stone, 1986; Selvendran et al., 
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development. Then, the primary cell walls are further thickened by the deposition of 
secondary wall layer that is rich in microfibrils (Preston, 1974; Fincher and Stone, 
1981). At the last stage, lignin is deposited between the matrix-phase polysaccharides of 
the intercellular and primary cell wall layers and between the cellulose microfibrils in 
the secondary walls (Wardrop, 1981). Therefore, the outer layers of cereal grains are 
rich in cells with secondarily thickened walls. However, aleurone and starch endosperm 
cell walls are characterised by unlignified primary cell walls (Fincher and Stone, 1986). 
 
 
Fig. 1.3. Structure of grain (A) and actual electron micrograph of wheat cell walls (After Fincher and 
Stone, 1986) 
 
An electron micrograph from a wheat grain is presented in Figure 1.3. The bran (husk) 
is a significantly lignified secondary cell wall, which is rich in cellulose (about 20%), 
heteroxylans (predominantly glucuronoarabinoxylans), lignin, and minor β-glucans 
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arabinoxylans (65%, Bacic and Stone, 1981
b) and small amounts of cellulose and 
glucomannans. Matrix polymers of aleurone cell walls are highly cross-linked by ferulic 
acid and ferulic acid types of compounds (Selvendran et al., 1987). The endosperm cell 
walls consist of an amorphous matrix, which is mainly rich in non-cellulosic 
polysaccharides in cereals. Pectic polysaccharides will not be discussed in this review 
because they are virtually absent in cereal grains (Mares and Stone, 1973
a,b; Basic and 
Stone, 1981
a,b; Fincher and Stone, 1986; Selvendran et al., 1987; Annison and Choct, 
1994). The predominant polysaccharides of wheat endosperm cell walls are 
arabinoxylans (88%), of which one-third is soluble in water and the remaining two-
thirds are insoluble (Mares and Stone, 1973
a). 
 
1.4.4 Plant cell wall polysaccharides 
The building blocks of plant cell wall polysaccharides are: 1) pentoses (arabinose, 
xylose), 2) hexoses (glucose, galactose, mannose), and 3) uronic acids (glucuronic, 
galacturonic). The major monosaccharides in plant cell walls are presented in Figure 
1.4. 
 
These monosaccharides are chemically linked to each other to build various 
polysaccharides in cell walls. The main polysaccharides of wheat cell walls are 
cellulose, arabinoxylan, mixed-linked-D-glucans (β-glucan), xyloglucans, rhamno-
galacturonans, and arabinogalactans. Since only minor amounts of xyloglucans, 
rhamnogalacturonans, and arabinogalactans exist in the cereal cell walls (Table 1.4), 
this discussion will be limited to the major cereal cell wall polysaccharides which are 
cellulose, arabinoxylan and β-glucan. Chapter 1: Review of the Literature  25
 
Fig. 1.4. Major monosaccharides present in the plant cell walls (After Chesson, 1995) 
 
Table 1.4. Structure and major polysaccharide compositions of different cell walls of wheat 
Cell walls 
Starch endosperm cell 
wall 
Aleurone cell wall 
Bran (pericarp, testa, 
aleurone) 
Beeswing (outer layer 
of pericarp) 
Major 
polysaccharides 
Cellulose(~4%) 
β-glucan(~20%) 
Arabinoxylan(~70%) 
Glucomannan(~7%) 
Cellulose(~2%) 
β-glucan(~30%) 
Arabinoxylan(~65%) 
Glucomannan(~2%) 
Cellulose(~29%) 
Arabinoxylan(~64%) 
Noncellulosic glucan 
(~6%) 
Cellulose(~30%) 
Glucuronoarainoxylan 
(~60%) 
Xyl/Ara ratio  1.5 - 2.9  1.25 – 3.9  1.5  0.8 
Position of Araf 
substituents on 
xylose residues 
Mostly O3. 
Some doubly 
substituted 
Mostly O3. 
Some doubly 
substituted 
O2 and O3. 
Some doubly 
substituted 
O2 and/or O3, also 
doubly substituted 
References* 1,2,3,  4  5  6 
*References: 1: Bacic and Stone (1980), 2. Mares and Stone (1973
a), 3. Fincher and Stone (1974), 4. Bacic and Stone (1981
a,b), 5. 
Schmorak et al. (1957), 6. Ring and Selvendran (1980) 
 
1.4.4.1 Cellulose 
Cellulose is a linear homopolymer of (1→4)-linked  β-glucopyranosyl residues. 
Individual cellulose chains form a two-fold helix (two glucosyl residues per turn of the Chapter 1: Review of the Literature  26
helix) and lie side by side in bundles (microfibrils) held together by hydrogen bonds 
between the adjacent –OH groups of glucosyl residues to form an extended ribbon-like 
conformation (see Figure 1.4). Due to this inflexible conformation, cellulose is insoluble 
in water and aqueous solutions of alkali. Cellulose content in cereal endosperm cell 
walls is less than 5% (Gardner and Blackwell, 1974; Fincher and Stone, 1986; Lewis, 
1993; Chesson, 1995; Bjergegaard et al., 1997; Choct, 1997). 
 
1.4.4.2 Arabinoxylans (Heteroxylans) 
Arabinoxylans are found in most cereals, being particularly high in wheat and rye. The 
structures of arabinoxylans in the cereal cell walls are composed predominantly of the 
pentoses, arabinose and xylose, and are hence often referred to as pentosans. In many 
instances, however, hexoses and hexuronic acids also exist as minor substituents. 
Therefore, arabinoxylans are also referred to as heteroxylans. Arabinoxylans consist of 
a linear (1→4)-β-xylopyranosyl backbone to which substituents are attached through 
O2 and O3 atoms of the xylosyl residues (Perlin, 1951
a). The structure of arabinoxylan 
oligo-saccharides is presented in Figure 1.5. 
 
The major substituents are single α-L-arabinofuranosyl residues, and these single 
arabinose residues are mostly linked to O3 atoms of main chain xylosyl residues 
(Fincher, 1975). The other minor substituents are single α-D-glucuronopyranosyl 
residues and their 4-O-methyl esters (>2% of arabinoxylans), and hexoses and 
hexuronic acids are linked to O2 atoms of the xylosyl backbone residues (Mares and 
Stone, 1973
b; Fincher and Stone, 1986; Choct, 1997). Compared to that for cellulose, 
unsubstituted arabinoxylans (three-fold helix) have a more flexible chemical structure 
since they have only one hydrogen bond (O5-H-O3) between adjacent xylosyl residues, 
while cellulose has two hydrogen bonds (O2-H-O6 and O5-H-O3) between adjacent 
glucose molecules (Fincher and Stone, 1986, Bacic et al., 1988).  
 
Most of the arabinoxylans are found in the bran of cereal grains, however, they are 
insoluble in water because they are closely bound to the cell walls by alkali-labile ester-
like cross links rather than by a simple physical entrapment (Mares and Stone, 1973
b). 
But some of the arabinoxylans in the aleurone and starch endosperm cell walls, which 
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solutions in an aqueous environment. They can absorb about ten times their weight of 
water (Choct, 1997).  
 
 
Fig. 1.5. Structure of wheat arabinoxylan oligosaccharides after hydrolysis with an endo-
xylanase (After Austin et al., 1999). 
 
Generally, xylans in secondary cell walls tend to have fewer substitutes with single 4-O-
methylglucuronic acid units and more acetylated at the O2 position than xylans found in 
the primary cell walls. Also, the phenolic acid and ferulic acid promote crosslinking 
between xylan chains by the formation of dimer bridges. The ester-linked ferulate may 
further ester-bonded to lignin forming one form of lignin-carbohydrate bridges in 
lignified secondary cell walls. In primary cell walls, however, most of the ferulic acid Chapter 1: Review of the Literature  28
does not involved in complicated associations but exists as a monomeric form, which is 
ester-linked to arabinose side chains (Chesson, 1995).  
 
It is well recognised that soluble arabinoxylans form highly viscous solutions due to 
their enormous water absorption properties (Medcalf et al., 1968; Fincher and Stone 
1974; D’Appolonia and MacArthur, 1975). Either, or both of, polysaccharide charge 
and three-demensional structure contribute to the viscosity of polysaccharide solutions. 
Due to most cereal arabinoxylans carrying little or no charge, however, the viscosity 
induced by cereal arabinoxylan can be attributed to their structure (Fincher and Stone, 
1986). 
 
Bacic and Stone (1981
b) reported that water-soluble arabinoxylans from aleurone cell 
walls of wheat are more highly substituted with arabinosyl residues than insoluble 
arabinoxylans. Starch endosperm cell walls of wheat, however, have very similar xylose 
to arabinose ratios between water and alkali extractable fractions (Mares and Stone 
1973
b; Fincher, 1975). Similarly, there were no significant differences in the degree of 
arabinose substitution of xylan backbones from the various wheat tissues such as 
endosperm, aleurone and bran (Table 1.4).  
 
A high degree of arabinose branching from the xylose backbone may increase its 
solubility because the arabinose branching from xylose backbone disturbes close 
packing between xylose residues and other cell wall materials such as lignin and 
celluloses (Perline, 1951
a,b; Andrewartha et al., 1979; McNeil et al., 1984; Bacic et al., 
1988). Evidence exists that removal (either by enzymatic or chemical) of arabinosyl 
residues from the xylose backbone causes precipitation of the arabinoxylan 
polysaccharides  in vitro (Tagawa and Kaji, 1969; Andrewartha et al., 1979). 
Consequently, arabinosyl substitution in the xylose backbone might affect the solubility 
of the arabinoxylans, which form highly insoluble complexes that are stabilised by 
extensive intermolecular hydrogen bonding if they are unsubstituted (Fincher and Stone, 
1986). Due to the influence from other physical or chemical interactions with 
arabinoxylans in cereals, however, the degree of arabinose substitution may not provide 
consistent magnitude to the solubility of arabinoxylans (Mares and Stone, 1973
b). 
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1.4.4.3 Mixed-linked (1→3,1→4)-β-D-glucans (β-glucans) 
Mixed-linked β-glucans are found in most cereals, being particularly high in barley and 
oats. Wheat, however, also contains considerable amounts of β-glucans, especially in 
aleurone cell wall and bran. Mixed-linked β-glucans from the cell walls of cereals 
consist of linear chains of glucose residues linked by both β-(1→3) and β-(1→4) bonds 
(Fincher and Stone, 1986; Chesson, 1995; Smits and Annison, 1996; Choct, 1997). 
They account for 75% of the endosperm and 26% of the aleurone cell walls in barley, 
while they account for 20% of the endosperm and 29% of the aleurone in wheat 
(Chesson, 1995). 
 
In the case of barley endosperm, the matrix polymers consist mainly of β-glucans and 
arabinoxylans. Some of the matrix polymers are cross-linked to other cell wall 
components via protein and/or phenolics, which are water insoluble, and the others are 
loosely held on the surface of the walls (Selvendran et al., 1987). Examination of 
oligomers released by enzymatic degradation has found that most of the β-(1→4) bonds 
occur in blocks of two and three units interspersed with a β-(1→3) bond. Consequently, 
water-soluble (1→3,1→4)-β-glucans, which are not cross-linked to the lignin and 
cellulose chains from both barley and oats, contain about 70% (1→4)-β-glucosyl 
linkages and 30% (1→3)-β-glucosyl linkages (Fincher and Stone, 1986; Selvendran et 
al., 1987; Chesson, 1995; Choct, 1997). Longer blocks of adjacent (1→4)-β-glucosyl 
linkages, however, have also been examined in barley β-glucans. 
 
The apparently random distribution of cellotriosyl and cellotetraosyl residues, together 
with the variable length of longer blocks of continuous (1→4)-β-glucosyl linkages, 
result in irregular spacing of (1→3)-β-glucosyl linkages in the β-glucan molecules 
(Fincher and Stone, 1986). The irregular incorporation of the β-(1→3) linkages in a 
region of β-(1→4) linkages disturbs the extended, ribbon-like regular structure of β-
(1→4) chains, preventing extensive intermolecular associations, which contributing to 
the dense molecular structure (Fincher and Stone, 1986; Choct, 1997).  
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1.4.4.4 Pectic polysaccharides 
The pectic polysaccharides are the most complex polysaccharides in plant cell walls. 
The pectic polysaccharides comprise a family of acidic polysaccharides 
(rhamnogalacturonans, in which (1→2)-α-rhamnose residues are inserted in (1→4)-α-
D-galacturonan chains) and several neutral polysaccharides (arabinans, galactans, and 
arabinogalactans), which are covalently attached to the rhamnogalacturonan backbone 
primarily through the rhamnopyranosyl residues (Fincher and Stone, 1986; Bacic et al., 
1988; Chesson, 1995; Choct, 1997). Pectins are involved in binding adjacent cell walls 
together and in forming the matrix in which microfibrils are imbedded (Bjergegaard et 
al., 1997). Most pectic polysaccharides are found in legume seeds but virtually not in 
the maternal tissues of cereals (Fincher and Stone, 1986; Choct, 1997). The detailed 
structure of pectic polysaccharides and their cross-links to the cell wall structure in 
various feed ingredients is yet to be determined.  
 
1.4.4.4.1 Rhamnogalacturonans 
Rhamnogalacturonans consist of (1→4)-linked α-D-galacturonosyl residues, which are 
interspersed with (1→2)-linked α-L-rhamnopyranosyl residues. Approximately half of 
the rhamnopyranosyl residues are branched, containing glucosyl substituents at O-4. In 
most pectic polysaccharides, the major neutral side chains are attached to the backbone 
through O-4 of rhamnopyranosyl residues, although substitution of the galacturonosyl 
residues at either O-2 or O-3 is also found (McNeil et al., 1984; Bacic et al., 1988; 
Chesson, 1995). 
 
1.4.4.4.2 Glucomannans and galactomannans 
The presence of glucomannans in the cell walls of cereals, such as wheat and barley, has 
been reported. Glucomannans present only a few percent of wheat and barley 
endosperm and aleurone cell walls (Mares and Stone, 1973
a; Fincher, 1975). 
Glucomannans are a linear chain of (1→4)-β-mannopyranosyl and β-glucopyranosyl 
residues, whereas galactomannans are substituted with single units of (1→6)-α-
galactose in a (1→4)-β-mannopyranosyl backbone. The occurrence of galactomannans 
has been reported for legume seeds; however, the presence of galactomannnans in 
cereal grains has not been reported (Fincher and Stone, 1986; Bacic et al., 1988; Choct, 
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linear mannosyl residues and these substitutions lead to increase in polymer solubility, 
presumably by disrupting intermolecular associations. Glucomannans with few or no 
substituents on the linear backbone crystallise into insoluble aggregates or gels (Fincher 
and Stone, 1986). 
 
1.4.4.4.3 Arabinans, galactans, and arabinogalactans 
Arabinans are polymer of (1→5)-linked  α-L-arabinofuranosyl residues branched 
through O-2, O-3, or both. The substituents of rhamnogalacturonan backbone may be 
either single or multiple α-L-arbinofuranosyl residues. Galactans are polymers of 
(1→4)-β-D-galactopyranose residues. The arabinogalactans, which were isolated from 
wheat flour (Fincher and Stone, 1974), and legumes such as soybean, have been 
designated as Type-I arabinogalactans. This type of arabinogalactans consists of β-
(1→4) galactan backbone substituted with arabinose side chains. Type-II 
arabinogalactans, that are present in rapeseed cotyledons, are characterised by (1→3)- 
and (1→3,1→6)-linked β-D-galactopyranosyl residues (McNeil et al., 1984; Bacic et 
al., 1988; Choct, 1997). 
 
1.4.4.4.4 Xyloglucans 
Xyloglucans are present both in legumes and cereal cell walls, although it is present in 
far larger amounts in the walls of legumes. The structure of cell wall xyloglucans 
consists of a backbone of β-4-linked-D-glucosyl residues with D-xylosyl substitutions, 
which are α-linked to O-6 of some of the glucosyl residues. Xyloglucans probably have 
a structural role in plant cell walls because some or most of the cell wall xyloglucans is 
hydrogen-bonded to cellulose (McNeil et al., 1984; Fincher and Stone, 1986; Bacic et 
al., 1988; Chesson, 1995; Choct, 1997).  
 
1.5 Physico-chemical properties of NSP 
Non-Starch Polysaccharides have been separated chemically into soluble and insoluble 
fractions (see Table 1.3). Soluble refers to solubility in water or weak alkali solutions. 
In fact, all NSP that exhibit anti-nutritive properties are water-soluble (Annison, 1993). 
Wheat soluble NSP give rise to highly viscous aqueous solutions even when present at 
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of NSP is the ability of the dietary cereal NSP to increase the viscosity of the digesta. 
For example, when barley β-glucan was added to the diet of chickens, the viscosity of 
the intestinal contents increased three-fold. Moreover, the addition of β-glucanase to 
barley diets ameliorated the growth depression of chickens and allows barley to be used 
optimally in the small intestine (White et al., 1981). Hence, it seems that water 
solubility is an important property of NSP that can be anti-nutritive.  
 
In the aqueous environment (e.g. in digestive tract), water molecules penetrate the 
amorphous regions of soluble NSP. The penetrated water molecules bind to available 
sites, which greatly reduces inter-polysaccharide associations. While some parts of the 
polysaccharide become solvated, some other regions of polysaccharides bind to each 
other via formation of Ca
2+ bridges, and also by hydrogen bonding. This process 
accelerates formation of a loose “gel” network that can hold considerable amounts of 
water, and can increase the viscosity of polysaccharide molecules (Selvendran et al., 
1987; Annison and Choct, 1994; Smits and Annison, 1996). Consequently, both inter-
molecular hydrogen bonding and the re-establishment of cross-links between 
polysaccharide molecules are associated with the formation of viscous solutions (Choct, 
1997). Because of the formation of the networks with water, the viscosities and water-
holding capacities of soluble NSP are relatively high compared with those of insoluble 
NSP, which are not dissolved in water due to the polysaccharide chains being associated 
laterally by intermolecular hydrogen bonds (Selvendran et al., 1987; Smits and 
Annison, 1996). It was demonstrated that soluble NSP, that have higher water holding 
capacity, delay gastric emptying and increase intestinal viscosity (Johansen et al., 
1996). 
 
Apart from the viscous-forming ability of hydrated polysaccharide regions, 
unsubstituted regions of polysaccharides can form “junction zones” which are stabilised 
by intermolecular hydrogen bonding or by ionic forces, and contribute to the formation 
of polysaccharide gels by immobilizing the water molecules in its structure (Fincher and 
Stone, 1986).  
 
The viscosity of NSP polymers depends on their molecular weights and solubility, 
which depends on the chemical structure of the NSP (e.g. branching) and association of 
the NSP with the other cell wall components. However, it is not specific to the sugar 
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Annison, 1996; Choct, 1997). Vohra and Kratzer (1964) indicated that polysaccharides 
with branched structures tended to display a greater anti-nutritive activity. Branching 
introduces irregularities into the structure of polysaccharides, which prevent the chains 
from interacting closely and allows water to penetrate easily. Thus, in general, the 
greater the degree of branching means a higher solubility (Annison, 1993). Also, 
Bedford and Classen (1992) found a strong relationship between the luminal 
concentration of soluble high-molecular weight carbohydrates (>500kDa) and intestinal 
viscosity in broiler chicks. Consequently, anti-nutritive activity of NSP in monogastric 
animals may relate to molecular weight, water-holding capacity, branched structure, and 
content of water-soluble fraction. 
 
The viscosity-enhancing and gel-forming properties of NSP are important for four 
major reasons: (1) delay in gastric emptying (Johansen et al., 1996), (2) possible 
reduction of absorption rates in the small intestine (Johnson and Gee, 1981), (3) 
increased endogenous secretions (Low, 1989), and (4) proliferation of microorganisms 
in the lower digestive tract (Choct, 1997). Generally, increased gut viscosity decreases 
the rate of diffusion of substrates and digestive enzymes and hinders their effective 
interaction at the mucosal surface. Soluble NSP interacts with the glycocalyx of the 
intestinal brush border and thickens the rate-limiting, unstirred water layer of the 
mucosa, which reduces the efficiency of nutrient absorption through the intestinal wall 
and impedes the passage of host digestive enzymes into the lumen of the gut (Fengler 
and Marquard, 1988). Also, increases in digesta viscosity may inhibit nutrient digestion 
simply by impeding the diffusion of digestive enzymes and their substrates and products 
(Annison, 1993). Proliferation of microbes in the lower part of the small intestine can 
lead to production of toxins and deconjugation of bile salts. Thus, the soluble NSP act 
as a physical barrier to nutrient digestion and absorption by increasing gut viscosity 
(Choct, 1997). 
 
Another important aspect of soluble NSP in monogastric animal nutrition is that the 
soluble NSP can increase proliferation of microflora in the terminal part of the small 
intestine. Chickens fed diets high in rye and pectin showed that anaerobic microbe 
populations were three-times higher in the ileum compared to populations in corn-soy 
based diets (Wagner and Thomas, 1978). Supplementation of antibiotics improved the 
nutritive value of rye (MacAuliffe and McGinnis, 1971) and decreased populations of 
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1978). Increased number of gut microbes depressed energy (Choct et al., 1996), protein 
(Smits et al., 1997) and amino acid utilisation (Steenfeldt et al., 1995) in chickens. In 
the pig, supplementation of antibiotics reduced weight of the small intestine and 
increased villous:crypt ratio, which suggests the increase of microbes in the ileum may 
affect damage of enterocytes and cell renewal (Parker and Armstrong, 1987). Choct 
(1997) suggested that soluble NSP decreased oxygen tension in the small intenstine due 
to decreased digesta flow, and this condition may provide ideal condition to develop 
anaerobes. 
 
1.6 Effects of NSP on gut physiology 
It is well recognised that the soluble NSP depress the activity of certain pancreatic 
enzymes in vitro, namely, amylase, lipase, trypsin and chymotrypsin. An in vitro study 
found that cellulose and xylan reduced the activity of amylase, lipase, trypsin and 
chymotrypsin to less than half their original activity (Dunaif and Schneeman, 1981). 
The reduction in enzyme activity is due to non-specific binding of the enzymes by the 
NSP polymers. The inhibitory effects of NSP on the activity of the intestinal enzymes 
may not have significant effects on the digestibility of food in the small intestine, 
because of the vary large excess of enzyme activity present in pancreatic secretions 
(Selvendran et al., 1987). However this action of NSP, at least in part, would most 
likely affect nutrient digestibility. 
 
Due not only to the hydrophilic nature of many forms of NSP, but also to increased 
endogenous secretions, larger amounts of water are found within the gut when the 
content of dietary NSP is increased. For example, wheat bran increased secretion of 
pancreatic juice by 115%, protein by 40%, chymotrypsin by 59%, trypsin by 53%, 
lipase by 78% and amylase by 70%. Moreover, NSP elevated secretory output from the 
salivary glands, stomach, liver, pancreas and intestinal wall. This resulted in an 
increased excretion of water, proteins, lipid and electrolytes (Low, 1989). Especially, 
soluble NSP increase the volume of food by entrapping large volumes of water. The 
observations that increases in the NSP content of diets may stimulate the secretion of 
pancreatic enzymes under some circumstances may be due to the inhibition of enzyme 
activity in human pancreatic juice by NSP, as found in vitro for xylan and cellulose 
(Dunaif and Schneeman, 1981; Low, 1989). 
 Chapter 1: Review of the Literature  35
Prolonged intake (4-5 weeks) of soluble and insoluble NSP has been shown to cause 
significant adaptive changes in the digestive system. For example, feeding an oat fibre-
(5.6%) or cellulose-(4.5%) containing diet for 5 weeks, has been shown to increase 
length and weight of colon and weight of the small intestine in rats compared to various 
carbohydrate diets (hydrolysed starch, dextrose, sucrose), while stomach and caecum 
weights were not influenced (Younoszai et al., 1978). The changes in the gut are 
characterised by enlargement of the digestive organs and increased secretion of 
digestive juices (Low, 1989; Choct, 1997). As evidence of adaptive changes, Southon et 
al. (1985) demonstrated that feeding a commercial pellet diet containing 7.5% non-
cellulosic polysaccharide for 28 days increased length of the small intestine and weight 
of the jejunum and ileum in rat. Also, the diet caused higher rates of protein synthesis in 
the jejunum and ileum, and more rapid mucosal cell division. These changes in the 
digestive system are generally accompanied by a decrease in nutrient digestion (Choct, 
1997). The adaptive change of the gut to a NSP-containing diet was demonstrated in 
pigs, where feeding 15.0% sugar-beet pulp (rich in pectin) to 5kg pigs over 8 weeks 
improved total NSP digestibility (0.75 vs. 0.54) compared to pigs fed a diet without 
sugar-beet pulp (Longland et al., 1994).  
 
Apart from the above direct effects of NSP on gut physiology, soluble and insoluble 
NSP may also modify gut physiology by interacting with microflora in the small and 
large intestine of pigs. Insoluble NSP may diminish the overall bacterial activity in the 
intestinal tract by decreasing the time available for fermentation in the gut and, also, 
bacteria may adhere to the insoluble NSP structure (Smits and Annison, 1996). 
However, viscous soluble NSP significantly elevated fermentation in the terminal part 
of the small intestine. Since soluble NSP increase the average retention time of digesta 
in the gastro-intestinal tract (Smits and Annison, 1996; Choct, 1997), it creates an 
excellent environment for anaerobic microflora due to the decreased oxygen tension. 
Increased retention time may increase the amount of undigested material in the small 
intestine, which gives the anaerobic microflora more time and substrates to colonise the 
proximal small intestine. Consequently, a greater retention time provides more chance 
for enhanced bacterial adhesion to the mucosal surface, which might cause enteric 
bacterial disease (Annison, 1993; Smits and Annison, 1996). Production of toxins and 
deconjugation of bile salts, which are essential for the digestion of fat, may be increased 
by proliferation of some anaerobic organisms, because most of the soluble NSP sources 
are fermentable (Smits and Annison, 1996; Choct, 1997).  Chapter 1: Review of the Literature  36
 
An increase in bacterial activity in the small intestine may cause a systemic effect on the 
gut secretions and morphology of the small intestine. For example, a mouse study 
clearly demonstrated that addition of guar gum to a conventional mouse diet increased 
crypt cell production rate in the jejunum, ileum, caecum and colon, most likely due to 
the increased bacterial activity (Pell et al., 1995). Also increased mucus production with 
addition of citrus fibre (Satchithanandam et al., 1990) and an increased unstirred water 
layer in pectin-fed rats (Fuse et al., 1989) were demonstrated. Increased dosage of 
pectin (extracted from citrus fruit; 0, 5, 10, 15 g pectin /liter of 10 mM glucose solution) 
significantly increased unstirred water layer (UWL) from 517 to 707, 792 and 870 µm, 
respectively, and significantly decreased glucose absorption rate from 1.0 to 0.86, 0.72 
and 0.67, respectively, in rat small intestine (Fuse et al., 1989). As a result, poor 
digestibility coefficient values of nutrients may be observed by reduced nutrient 
absorption through the gut walls. In addition, digestible carbohydrates such as starch 
and glucose can be converted through microbial action to volatile fatty acids, which 
represent inefficiency of nutrient utilisation by monogastric animals (Smits and 
Annison, 1996; Choct, 1997). 
 
1.7 Effects of NSP on nutrient digestion and absorption 
1.7.1 Digestion 
Non-starch polysaccharides have been recognized as anti-nutritive factors due to their 
negative influences on the digestion and absorption of starch, protein and lipid in the gut 
of monogastric animals. The soluble fractions are considered of major importance in 
determining the nutritive value of feedstuffs for monogastric animals. The soluble 
fractions increase digesta viscosity, and the increased bulk and viscosity of the intestinal 
contents decrease the rate of diffusion of substrates and digestive enzymes (Ikegami et 
al., 1990; Classen and Bedford, 1991). 
 
The convective transport of glucose was impaired in an in vitro viscous environment 
(Smits and Annison, 1996), and an arabinoxylan-rich extract from rye decreased the rate 
of dialysis of glucose, and the amount enzymatically released from starch (Fengler and 
Marquardt, 1988). Further evidences come from in vivo studies (Choct and Annison, 
1992
a,b) of decreased starch digestion in poultry using wheat pentosans, where starch 
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Improvement of energy and starch digestibility with supplementation of exogenous 
enzymes also supports the negative effect of NSP on starch digestion. Appropriate 
exogenous enzymes decreased gut viscosity induced by soluble NSP, thereby increasing 
energy utilization in feedstuffs in chickens (Annison, 1992) and in pigs (Graham et al., 
1989; Baidoo et al., 1998). 
 
Non-starch polysaccharides depressed protein digestion in chickens (Choct and 
Annison, 1990,1992
a) and in pigs (Bedford et al., 1992; Baidoo et al., 1998) associated 
with increased gut viscosity, and increased the secretion of endogenous protein in the 
gastrointestinal tract of broiler chickens (Annison, 1993). Increased nitrogen secretion 
may be partly responsible for depressed protein digestion when NSP was fed to rats 
(high viscosity, 2000 cP, carboxymethylcellulose 5%, Larsen et al., 1993; 1994) and to 
pigs (wood cellulose 9%, corn cobs 6%, wheat straw 3%, Mariscal-Landin et al., 1995), 
because ileal mucus excretion was increased in rats and pigs fed fibre. Furthermore, 
high viscosity (10% guar gum, viscosity 1730 mPas when measured in aqueous solution 
containing 20g/L guar gum) stimulates epithelial cell proliferation and might contribute 
to some loss of epithelial cells when the animal is given fermentable NSP (Gee et al. 
1996). Also, a significantly depressed overall digestibility of amino acids (AA) and 
increased endogenous AA losses were observed when wheat-soluble arabinoxylans 
were included in broiler chicken diets (Angkanaporn et al. 1994). It was found that 
soluble NSP with high water-holding capacity disrupt protein digestion and absorption 
in pigs, while insoluble NSP with high water holding capacity had no influence on 
protein digestion and absorption (Leterme et al., 1998). Moreover, viscous NSP may 
decrease the apparent digestibility of nitrogen at the end of the ileum by increasing 
endogenous losses. Larsen et al. (1993) demonstrated that endogenous nitrogen loss was 
significantly increased with increasing fibre viscosity, and that the extra endogenous 
nitrogen secretion found in the rat was derived from mucus. On the other hand, 
insoluble NSP are known to decrease transit time, enhance water-holding capacity 
(formation of junction zone), and assist in faecal bulking (Low 1985). For example, Just 
et al. (1983) reported that a 1% increase in the crude fibre content of the diet from 
cellulose depressed the digestibility of GE by 1.3% and depressed utilisation of ME by 
0.9%. 
 
Lipid digestibility is also affected nutrient by intestinal viscosity induced from soluble 
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decreased lipid digestibility (Choct and Annison, 1992
a), and increases in lipase activity 
and lipid digestibility with β-glucanase supplementation were observed in barley-based 
chicken diets (Almirall et al., 1993). 
 
1.7.2 Absorption 
All nutrients, which move into the intestinal epithelial cell, must pass through two 
membranes in series: the unstirred water layer (UWL), which is adjacent to the 
intestinal mucosa, and the lipid membrane of the microvillus surface (Wilson et al., 
1971, Wilson and Dietschy, 1974; Smithson et al., 1981).  
 
The thickness of the UWL is a rate-limiting physiological barrier for nutrient absorption 
in the gut of monogastric animals. The thickness of UWL increased when gel-forming 
gums and pectin were included in the diet (Johnson and Gee, 1981; Flourie et al., 1984), 
and an in vitro study demonstrated that a gel-forming gum increased the thickness of 
UWL by interacting with the glycocalyx of the intestinal brush border (Johnson and 
Gee, 1981), which leads to increased mucus production (Satchithanandam et al., 1990). 
For example, when rats were fed 5% citrus fibre (containing pectin, hemicellulose and 
cellulose plus lignin, at 1.5:1:1), mucin production in stomach and small intestine was 
increased significantly compared to the fibre-free control diet (Satchithanandam et al., 
1990). With the thickened UWL, nutrient transport may decrease by increasing 
resistance to the passive diffusion resulting in decreased nutrient absorption (Johnson 
and Gee, 1981). 
 
1.8. Phytate 
1.8.1 Chemical structure, property and occurrence 
Phytate is the storage form of phosphorus (P) in plants, and about 70% of total P exists 
as phytate-P in most feed ingredients including wheat (Sandberg et al., 1987; Cromwell 
et al., 1993; Ravindran et al., 1995; Pallauf and Rimbach, 1997; Selle et al., 2000; Kies 
et al., 2001; Maenz, 2001). For example, Australian wheat (n=30) contained 0.21% 
phytate-P out of 0.29% total P (73%) (Selle et al., 2000).  
 
Phytate, a mixed salt of phytic acid (myo-inositol hexaphosphoric acid; Fig. 1.6), is 
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within the proteinaceous matrix of membrane-bound protein and protein bodies (Selle et 
al., 2000; Maenz, 2001). The negative charges on the phytic acid molecule are able to 
chelate positively-charged cations, such as Zn
++, Mg
++, Ca
++, Na
+ and K
+ to form stable 
complex phytate (Cheryan, 1980; Reddy et al., 1982; Yang et al., 1991; Sohail and 
Roland, 1999). For example, phytate found in the protein body of rice grain consisted 
with 67% phytic acid, 19% K, 11% Mg and 1% Ca on a dry matter basis (Ogawa et al., 
1975).  
 
1.8.2 Impact of phytate on nutrient digestion in monogastrics 
It is well established that the phytic acid in most feed ingredients impairs mineral 
bioavailability by forming mineral-phytate complexes (Figure 1.6). Since these phytate-
mineral complexes are resistant to the digestion and absorption processes in 
monogastrics, a negative relationship was found between the phytate concentration in 
the diet and digestibility of cations (Torre et al., 1991; Maenz, 2001). Especially, 
digestibility of P was significantly improved by addition of phytate-degrading enzymes 
in chicken and pigs (Simons et al., 1990; Beers and Jongbloed, 1992; Sands et al., 
2001). 
 
Fig. I.6. The structure of phytate and possible interaction with a phytate molecule (After Kies et al., 
2001) 
 
Phytate is also closely bound to proteins and starch, preventing some of the absorption 
of both the bound nutrients and the P within the phytate molecule (Reddy et al., 1982; 
Yang et al., 1991; Sohail and Roland, 1999; Kies et al., 2001). Significantly improved 
protein (P<0.05) and amino acid (P<0.05) digestibilities upon the addition of phytase 
have been reported in chickens (Ravindran et al., 1999
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AME content by addition of phytase in a wheat-based chicken diet have been reported 
(Ravindran et al., 1999
a; Camden et al., 2001). In several pig studies, phytase addition 
improved faecal N and P retention in a corn-based diet (Sands et al., 2001), apparent 
and true ileal digestibility of P, Ca and N in cornstarch, soybean meal-based diets 
(Traylor et al., 2001), growth, feed intake and FCR in a corn and soybean meal-based 
weaner pig diet (Lei et al., 1993
a), and growth, FCR and Zn retention in a corn and 
soybean meal-based pig diet (Adeola et al., 1995). A recent study with finisher pigs 
found that phytase addition in a barley and soybean-meal-based diet improved faecal P 
digestibility but not N digestibility (McCann et al., 2003), while phytase addition 
improved apparent ileal digestibility of N in a corn and soybean-meal-based finisher 
diet (Kemme et al., 1999
a). 
 
Most of the other pig trials with supplementation of phytase have focused on P 
digestibility and performance of pigs. The literature for studies about simultaneous 
effects of phytase supplementation on N, energy and mineral digestibility in wheat-
based, weaner pig diets is not available. 
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Section C 
Energy Evaluation Methodology 
 
1.9 Energy evaluation in feedstuffs for the pig 
A proper evaluation of the energy value of feedstuffs for monogastric animals is of 
importance because all tabulated animal feeding standards are based on energy needs; 
daily gain, feed conversion and carcass composition are influenced by the feeding 
standard. Therefore, a precise estimate of the energy value is important in order to meet 
the energy requirements of monogastric animals and maximise animal production or 
obtain a uniform quality product. 
 
Energy values for monogastric animals can be expressed in terms of gross energy (GE), 
digestible energy (DE), metabolisable energy (ME), and net energy (NE), along with 
various ways of calculating the energy value within each system. It is measured directly 
from calorimetric determinations (kJ or kcal) with correction factors for differences in 
chemical composition (in the case of DE or ME), or based on regression equations 
derived from digestible nutrients, or simply from chemical compositions of feedstuffs. 
However, a given diet or ingredients is given different energy values according to the 
system of energy utilisation by animals and to the prediction methods used for each 
system. 
 
1.9.1 Concepts of energy value 
Alternative energy evaluation systems for pigs have been extensively reviewed by Just 
(1981; 1982), Morgan and Whittemore (1982), Morgan et al. (1987), Henry et al. 
(1988), Batterham (1990), Noblet and Henry (1991; 1993), Noblet and Perez (1993), 
Noblet (1996), and Moughan and Smith (1996). 
 
A simplified diagram, which shows energy flow in pigs, is presented in Figure 1.7. The 
concept of each energy system is described elsewhere (Noblet, 1996) and will not be 
repeated in this review. 
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Gross Energy (GE)   
    Energy loss in Faeces 
Digestible energy (DE)   
    Energy loss in Urine 
    Energy loss in Methane 
Metabolisable energy (ME)   
    Energy loss in Heat 
Net energy (NE)   
Figure 1.7 Energy utilization in pigs (after Noblet, 1996) 
 
1.9.2 In vivo determination of digestible energy (DE) values in 
feedstuffs 
The DE value for monogastric animals can be obtained directly for animals kept in 
metabolism crates from determination of the amounts of dietary and faecal energy. 
Tabulated DE values are usually determined from digestibility trials. This method is 
feasible for routinely assessing limited numbers of mixed diets. However, on a large 
number of samples it is not realistic, because the digestibility trial is inadequate in terms 
of both time and cost (Noblet and Henry, 1993; Henry et al, 1988). An advantage of the 
DE estimate is that it is additive. Theoretically, the DE value of compound diets can be 
obtained by adding the DE value contributions of ingredients and assuming that DE is 
additive (i.e., energy contributions for unit of feed is constant and independents of the 
other components of the diet). However, in many circumstances, the ingredient 
composition is unknown and consequently methods of predicting DE are then required. 
The alternative approach is to predict the energy content of raw materials based on their 
crude chemical composition and estimate digestibility coefficients of nutrients. The DE 
contents are then predicted from regression equations. However, this method assumes 
that digestibility coefficients are constant irrespective of the nutrient level in the feed 
and the presence of other nutrients (Noblet and Henry, 1993). 
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The DE content of a diet can be obtained using prediction equations based on chemical 
composition of diets when the actual composition of feed is unknown. Numerous 
investigations have shown that (1) crude protein (Wiseman and Cole, 1980; Batterham 
et al., 1980
b; Morgan et al., 1987), fat (Wiseman and Cole, 1980; Morgan et al., 1987), 
and nitrogen free extract (or sugar and starch) contributes positively to the DE value of 
diets; (2) ash tends to act as an energy diluent and thus has a negative influence (King 
and Taverner, 1975; Morgan et al., 1987); and (3) fibre contributes in a negative manner 
(King and Taverner, 1975; Batterham et al., 1980
a; Morgan et al, 1987). The limitation 
of these equations is their inability to consider the nature of fibre and the composition of 
fat. Therefore, when the DE value is predicted from these equations, a low digestible 
fibre content will be overestimated while a high digestible fibre content is 
underestimated. 
 
The methods for in vivo determination of ME and NE are described by Batterham 
(1990), Noblet and Henry (1993) and Noblet (1996). 
 
1.10 Techniques measuring apparent digestibility of energy 
Generally speaking, apparent digestibility is defined as the difference between the 
amount of nutrients in the diet and in the ileal digesta or faeces, divided by the amount 
in the diet. Digestibility coefficients are the most important parameters in evaluation of 
the nutritive value of feeds for pigs. It is therefore essential that the method used to 
estimate digestibility is both accurate and reliable. In a classical digestibility study, the 
difference between the intake of a certain nutrient and the faecal excretion of the 
undigested portion of that nutrient is measured. This involves quantifying feed intake 
and faeces output of the specific nutrient. Accurate measurement of feed intake and 
feaces output, however, is laborious and is not an easy task in practice. Alternatively, 
the addition of indigestible markers, such as Chromium oxide (Cr2O3), acid insoluble 
ash (AIA) and titanium dioxide (TiO2), has been used to determine nutrient digestibility 
in pig digestibility studies. 
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Table 1.5 The ileal and faecal recovery and digestibility coefficients of nutrients determined under 
total collection or marker methods. 
Species Diet  Site Marker  Recovery (%)/ 
Digestibility  Ref 
Pig 
(4.32kg) 
Wheat 
Barley  Faecal 
Experiment 1 
Total collection 
Cr2O3 (0.5%) 
AIA (0.5%) 
Experiment2 
Total collection 
AIA (not added) 
 
 
86.3 
81.5 
84.8 
 
84.1 
84.4 
1 
Pig 
(5.6kg) 
Wheat 
Barley  Faecal 
Total collection 
AIA (not added) 
AIA (0.5%) 
 
85.8 
84.1 
84.4  2 
Pig  
(12 weeks) 
Corn 
Soybean meal  Faecal 
Total collection 
AIA (not added) 
 
79.0 
79.1  3 
Rat 
Diet 
Barley 
Maize 
Oats 
Triticale 
Wheat 
 
Faecal 
Total collection 
Cr2O3 
 
Total 
81.8 
87.5 
68.3 
88.3 
88.5 
Cr2O3 
80.1 
87.0 
68.1 
88.6 
86.7 
4 
Pig (13kg)  Barley  Faecal 
Experiment 1 
Celite addition 
0.55 
0.69 
1.01 
1.04 
Experiment 2 
Cr2O3 
AIA 
 
Marker recovery 
98.4 
96.7 
101 
100.3 
Energy digestibility 
81.4 
84.8 
5 
Pig (57kg)  Barley, wheat  Faecal 
Marker addition 
Cr2O3 (0.01%) 
Cr2O3 (0.05%) 
TiO2 (0.01%) 
TiO2 (0.01%) 
Lignin (not added) 
 
Recovery 
0.746 
0.797 
0.983 
0.969 
0.981 
6 
CP digestibility 
Pig  
(30–05kg) 
Diet 
 
Control 
Cellulose 
Soyabean hull 
Animal fat 
 
Faecal 
Cr2O3 
Acid Insoluble Ash (AIA)  Cr2O3 
87.9 
75.2 
77.5 
89.1 
AIA 
93.4 
75.3 
85.6 
91.9 
7 
CP digestibility 
Pig (40kg) 
cannulated 
Diet 
 
Corn starch 
Soyabean hull 
Cellulose 
 
Faecal 
Total collection (TC) 
Cr2O3  TC 
91 
83 
81 
Cr2O3 
89 
80 
76 
8 
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Species Diet Site  Marker  Recovery (%)/ 
Digestibility  Ref 
Chicken 
(21 days) 
Diet 
750g wheat 
500g wheat 
250g wheat 
 
Ileal 
TiO2  Recovery 
98.7 
99.5 
99.7 
9 
CP digestibility  Pig  
cannulated 
46kg 
63kg 
94kg 
 
 
Ileal 
Marker 
Cr2O3 
Acid Insoluble Ash (AIA) 
Cr2O3 
0.749 
0.749 
0.771 
AIA 
0.746 
0.752 
0.766 
10 
Ileal recovery 
Pig 
cannulated 
PVTC 
Diet 
 
Wheat(W) 
W+Bran(B) 
W+Middling 
Flour+B+M 
 
Ileal 
TiO2 
Cr2O3  Cr2O3 
84.9 
60.6 
82.8 
87.4 
TiO2 
99.9 
67.8 
95.5 
94.9 
11 
Pig (30kg)   Barley  Faeces 
Marker 
TiO2 
Cr2O3 
AIA 
Faecal Recovery 
92.3 
96.0 
99.9 
12 
References: 1: McCarthy et al. (1974); 2. McCarthy et al. (1977); 3. Yen et al. (1983); 4. Smith et al. (1987); 5. Moughan et al. 
(1991); 6. Jagger et al. (1992); 7. Bakker and Jongbloed (1994); 8. Mroz et al. (1996); 9. Short et al. (1996); 10.van Leeuwen et al. 
(1996); 11. Yin et al. (2000); 12. Kavanagh et al. (2001). 
 
1.10.1 The use of indigestible marker 
The ideal marker for the determination of nutrient digestibility values should have the 
following properties: (1) totally indigestible and unabsorbable along the gastrointestinal 
tract, (2) pass through the gastrointestinal tract at a uniform rate, and (3) readily 
determined chemically (Kotb and Luckey, 1972; Jagger et al., 1992).  
 
However, the low recovery of some marker materials used in pig digestibility studies 
has been reported (Table 1.5). The ileal and faecal recovery of various marker 
components is presented in Table 1.5. The limited recovery of Cr2O3 in ileal and faecal 
samples has been reported (McCarthy et al., 1974; Moughan et al., 1991; Jagger et al., 
1991; Bakker and Jongbloed, 1994; Mroz et al., 1996; Yin et al., 2000; Kavanagh et al., 
2001). In contrast, the recoveries of AIA in ileal and faecal samples were reliable and 
superior over Cr2O3 (McCarthy et al., 1974; 1977; Yen et al., 1983; Bakker and 
Jongbloed, 1994; Kavanagh et al., 2001). Recently, addition of TiO2 as an indigestible 
marker for digestibility estimation has been studied with chickens (Short et al. 1996) 
and pigs (Jagger et al., 1991; Yin et al., 2000; Kavanagh et al. 2001). While TiO2 was 
found as a reliable marker (>95% recovery in ileal and faecal samples) in most chicken 
and pig studies (Short et al. 1996; Jagger et al., 1991; Yin et al., 2000), Kavanagh et al. Chapter 1: Review of the Literature  46
(2001) reported a lower recovery (92%) of TiO2 compared to Cr2O3 and AIA (96% and 
100%, respectively) in faecal samples from a barley-based diet. However, TiO2 was 
superior for ileal digestibility over Cr2O3 and showed more than a 95% recovery (Short 
et al. 1996; Jagger et al., 1991; Yin et al., 2000). In addition, since only 0.1g of sample 
is required for determination of TiO2, the use of TiO2 in animal trials has potential 
where small amounts of samples are available (Short et al., 1996). For the trials in this 
thesis, AIA and TiO2 were used for total tract digestibility estimation. 
 Chapter 1: Review of the Literature  47
Section D 
Factors influencing digestible energy content of wheat 
 
1.11 Variation in digestible energy content of wheat 
The digestible energy (DE) content of wheat from the literature is presented in Table 
1.6. The DE content of wheat ranged from 13.30 to 16.95 MJ/kg DM. The extraction of 
available energy from a given wheat diet by pigs is not constant mainly due to the 
variable chemical composition of wheat. The very wide variation of energy utilisation, 
which is expressed as DE in pigs, has been previously reported in wheat-based diets 
(Anderson and Bell, 1983
b). The utilisation of energy by monogastric animals is known 
to be affected by the available energy content of wheat (Rogel et al., 1987; i.e., 
digestible carbohydrates such as starch and soluble fibre) and often by the amount of 
non-digestible carbohydrate component such as soluble and/(or) insoluble NSP as they 
exhibit strong anti-nutritional effects when included in the monogastric animal diets, 
especially in the chicken (Choct and Annison, 1992
b). There is a perception that the 
phytate-P content of wheat is also related to energy utilisation when fed to monogastric 
animals because the phytate molecules interact with protein and starch molecules (Selle 
et al., 2000; Kies et al., 2001) and significantly improved performance (P<0.05) and 
nutrient digestibilities (improved nitrogen digestibility, P<0.05) upon the addition of 
phytase have reported in chickens (Ravindran et al., 1999
a,b) and pigs (Lei et al., 1993
a; 
Adeola et al., 1995; Traylor et al., 2001; Selle et al., 2003). 
 
Starch, dietary fibre and protein are the main components of wheat grain and comprise 
up to 95.0% in dry matter basis. The wide variation of chemical composition of wheat 
as presented in Table 1.1, consequently results in the variation of available nutrients 
content when fed to monogastric animals. The variation of chemical composition in 
relation to the variation of energy utilisation by monogastric animals has been studied 
extensively to explain the nutritional significance of fibre composition in monogastric 
animal diets (King and Taverner, 1975; Morgan et al., 1975; Coates et al., 1977; Zijlstra 
et al., 1999). The evidence found from such studies was that the wide variation of 
energy utilisation from wheat diet depends on the variation of chemical composition of 
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investigation on various factors influencing the variation of wheat DE content, a 
conclusion can be drown that the variation is not controlled by any one single factor but 
might be influenced by various factors such as genetic and environmental differences, 
carbohydrate composition (indicating possible cell wall structure of grain, storage, 
enzyme supplementation, processing technique, age of the pig and so on. 
 
Table 1.6 Summary of literature values for gross energy (GE), energy digestibility and digestible 
energy (DE) content of wheat 
Age of pigs 
(kg) 
n=* GE   
(MJ/kg DM) 
Energy  
digestibility (%) 
DE 
(MJ/kg DM) 
Reference 
5.6 – 7.7kg  7  18.92 – 20.65  76.3 –86.6  15.01 – 16.43  Bowland (1974) 
14 – 16 kg  8  18.51 – 20.11  83.3 – 86.3  15.71 – 16.89  Batterham et al. (1980
a) 
25 kg  8  17.94 – 18.39  -  15.14 – 16.42  Wiseman et al. (1982) 
25 kg  16  -  84.8 – 89.0  14.55 – 16.07  Wiseman (2000) 
25 kg 
35 kg 
45 kg 
 
1 
 
18.48 
80 ± 0.7 
82 ± 0.8 
84 ± 0.8 
14.78 
15.15 
15.52 
 
Bell and Keith (1989) 
34 – 43 kg  13  16.89 – 17.07  78.0 – 86.0  13.3 -  Fuller et al. (1989) 
35 kg  1  -  87.3  16.23  Smith et al. (1987) 
35 kg  1  18.48  87.5  16.17  Noblet et al. (1993) 
39 – 55 kg  1  18.63  84.3  15.70  Lin et al. (1987) 
40 kg  5  18.49 – 19.04  81.7 – 83.9  15.19 – 15.98  Anderson and Bell (1983
a) 
40 kg  24  18.45 – 20.71  74.2 – 82.6  14.60 – 16.90  Anderson and Bell (1983
b) 
40.8 kg  15  18.97 – 19.52  80.3 – 88.0  15.45 – 16.95  Zijlstra et al. (1999) 
55-138 kg  5  17.78 – 18.42  -  14.68 – 15.76  Taverner et al. (1981) 
60.5 kg  1  18.33  87.8  16.12  Hayden and Hobbs (1991) 
- 1  18.38  87  15.99  Eggum  (1977) 
- 32  18.15-18.78  87.9-90.6  16.22-17.0 Kopinski  (1997) 
Range  139  16.89 – 20.71  74.2 – 90.6  13.30 – 16.95   
* Number of wheats examined. Caloric values were converted to joules (1 kcal = 4.186 KJ, The Merck Index 11
th Edition, 1989) 
 
1.11.1 Factors influencing the DE content of wheat 
It is apparent that the growing environment and genetic characteristics of wheat 
contribute to the variable structure and composition of wheat polysaccharides 
(Hesselman and Thomke, 1982; Dusel et al., 1997
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1999
b; Fernandez-Figares et al., 2000; Ahmadi and Barker, 2001). In this section those 
factors that influencing the DE content of wheat will be discussed. 
 
1.11.1.1 Physical and chemical characteristics of wheat 
Numerous research has been concentrated for accurate prediction of DE content of 
wheat from its chemical and/or physical parameters such as bushel weight and various 
carbohydrate contents. Only two studies (Bhatty etal., 1974; Batterham et al., 1980), 
including one with rats, have found significant correlations (p<0.05) between DE 
content and bushel weight of wheat in relation to physical parameters (Table 1.7), while 
the majority of studies found no significant relationships. Any other single parameter 
did not accurately predict DE content of wheat. In more recent years, more defined DF 
analysis (i.e., NSP) has allowed this component to be a possible factor for variation of 
DE content of wheat. Recently, xylose or total NSP have been reported as a possible 
single predictor for DE content of wheat (Zijlstra et al. 1999). In this study, total xylose 
had a strong negative correlation to DE content of 15 Canadian wheat samples (r=-0.78, 
P<0.001) followed by total NSP (r=-0.74, P<0.01), total arabinose (r=-0.71, P<0.01), 
and NDF and ADF contents (r=-0.70, P<0.01). 
 
1.11.1.2 Variety 
Since different wheat varieties contain variable starch, N, fat and fibre components, the 
variety has been recognised as a major factor influencing the wheat DE content in pigs. 
The importance of the genetic background of the grain for NSP composition, for 
example, has been mentioned by Hesselman et al. (1981); Hasselman and Thomks 
(1982), and Hesselman and Åman (1986), although the climatic factors such as 
precipitation levels and the degree of maturity at harvest seem to be of great importance 
as well.  
 
For example, early work found that the nutrient content of wheat and barley varied 
according to the variety (Bhatty et al., 1974; Bach Knudsen et al., 1987). The soft wheat 
varieties (noodle wheat; The crop variety sowing guide 2000, Department of 
Agriculture, Western Australia) contained higher starch, gross energy and DE than the 
hard wheat (normal wheat) varieties (Bhatty et al., 1974). March and Biely (1973) 
reported variation in protein content from 9.5 to 22.8% (DM basis) from a study with 33 
different samples of Canadian wheat. Anderson and Bell (1983
b) reported a 2.3 MJ/kg Chapter 1: Review of the Literature  50
DM difference in DE content caused by variety in Canadian wheat within a site and 
growing year, while most other studies found around 1MJ/kg DM difference between 
cultivars (Table 1.6). 
 
Table 1.7 Variation in physical characteristics of wheat and correlation between physical 
characteristics and DE content of wheat 
N=*  Kernel wt.  
(g/1000 grain) 
Density  
(kg/hL) 
Correlation with DE  Reference 
27  22.4 – 51.6  -  NS  March and Biely (1973) 
17  32.1 – 50.4  77.7 – 83.5 
r=-0.59 (Density), P<0.05, 
r=-0.53 (Kernel wt), P<0.05 
Bhatty et al. (1974)** 
35  24.7 – 53.1  63.8 – 87.0  -  Sibbald and Price (1976) 
16  27.3 – 52.0  -  NS  Coates et al. (1977) 
8  -  730 – 830  r=-0.59 (Density), P<0.05 Batterham  et al. (1980
a) 
47  -  73 – 87  -  Taverner and Farrell (1981) 
5  34.06 – 46.00  78.88 – 80.92  NS  Anderson and Bell (1983
a) 
24  15.75 – 43.11  49.53 – 77.42  NS  Anderson and Bell (1983
b) 
70  26.9 – 43.8  73.4 – 81.3  -  Metayer et al. (1993) 
24  37.3 – 45.3  -  -  Coles et al. (1997) 
32 - 79.4-83.98  NS  Kopinski  (1997) 
15  -  57.8 – 77.6  NS  Zijlstra et al. (1999) 
18  34.6 – 56.4  69.5 – 81.5 NS  Wiseman  (2000) 
338  15.75 – 56.4  49.53 – 87.0    Range 
* Number of wheats examined. 
**. Study with rat. 
-: not determined, NS: non significant 
 
1.11.1.3 Geographical locations 
Grain grown in different geographical locations is subject to variable temperature, water 
supplementation (dry or wet), soil condition and application of fertilizer. As a 
consequence, the variation in chemical and nutritional characteristics of grains such as 
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example, Dusel et al. (1997
a) demonstrated a negative correlation (r=-0.55) between 
rainfall during vegetative periods and in vitro extract viscosity from 34 wheat varieties 
grown at 5 different locations.  
 
The mechanisms whereby environmental conditions influence the composition of 
fibrous material in grain is well studied, especially in barley grain. Hot and dry 
conditions during the ripening period and early harvest result in barleys with 
significantly increased soluble β-glucan contents (Hesselman et al., 1981; Hasselman 
and Thomks, 1982, Hesselman and Åman, 1986). This is due to β-glucan synthesis in 
barley increasing the water-holding capacity, or to the inhibition of the formation or 
action of endogenous β-glucan-hydrolysing enzymes. Moisture stress, brought on by 
drought conditions during kernel filling, elevates both acid-soluble and total β-glucan 
deposition. In addition, Choct et al. (1999
b) demonstrated from 81 wheat samples 
collected from various locations of Australia that climatic conditions during growth of 
wheat (i.e., wheats collected in wet season had higher AME value) were associated with 
low energy content of the wheats when fed to broiler chickens.  
 
The precipitation (mm) during the growing periods is known to influence the pentosan 
contents and extract viscosity of wheat. A negative correlation between precipitation 
during the growing periods of grain growth and in vitro extract viscosity were reported 
in barley (r= -0.754, P<0.05; Dusel et al., 1997
a) and in wheat (r= -0.55, Dusel et al., 
1997
 a). In contrast, in vitro extract viscosity of wheat positively correlated to soluble 
pentosan contents in this study (r= 0.90, Dusel et al., 1997
 a).  
 
In addition, soil condition in a different locality is one of the factors influencing the 
chemical composition of barley. Bach Knudsen et al. (1987) reported that barley grown 
on clay soil contained less protein (11.3% DM), more starch (59.6% DM), and less total 
dietary fibre (21.9% DM) than barley grown on sandy soils (12.5% DM protein, 57.2% 
DM starch and 22.7% DM total DF).  
 
These studies demonstrate that the different geographical locations representing various 
weather and soil conditions significantly influence the chemical composition, especially 
carbohydrate compositions, of grains such as wheat. 
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1.11.1.4 Carbohydrate characteristics 
The DE value of wheat is highly dependent on the digestibility and utilisation of 
carbohydrates as they are the largest contributors to the energy supply of the pig. 
Graham et al. (1986) showed that less than 5% of dietary starch escapes digestion in the 
small intestine, and Åman et al. (1985) and Bach Knudsen et al. (1987) demonstrated 
that cereal fibre (NSP and lignin) escaped digestion in the small intestine of the pigs. 
The net energy of carbohydrates hydrolysed and absorbed as monosaccharides from the 
small intestine is appreciably higher than that of carbohydrates fermented and absorbed 
as short chain fatty acids from the hindgut, although microbial enzymes in the hindgut 
break down a significant amount of NSP. For example, ATP yield from the oxidation of 
1 mole of glucose, acetate, propionate, and butyrate were 37, 10, 18 and 27 moles, 
respectively (Muller and Kirchgessner, 1986). Also, Noblet et al. (1994
a,b) reported that 
the utilisation efficiency of energy from fermentation was low than energy digested in 
small intestine (0.57~0.58 vs. 0.76~0.78) in growing pigs. Futhermore, production of 
gas and heat during the fermentation processes leads to further loss of energy in the 
hindgut. For example, Jorgensen (1998) reported that up to 0.05 of GE in the potato and 
soya fiber sources were lost as methane in 50 – 70kg pigs. Both the composition of the 
NSP-fraction and the degree of lignification influence the extent of microbial 
breakdown of NSP in the hindgut. Therefore a higher dietary fibre content reduces DE 
and ME in feedstuffs and the utilisation of ME is lower as the DE derives from short 
chain fatty acids (Muller and Kirchgessner, 1986; Lindberg and Andersson, 1998). 
 
The quality of carbohydrate polymers, such as the structure of NSP and starch and 
linkage between digestible nutrients and cell wall polysaccharides, are important factors 
influencing available nutrient content in wheat (Choct and Kocher, 2000). For example, 
a loose physical structure created by branching of substituent groups from its firm 
backbone is known to be more easily digestible than less-branched corresponding 
polysaccharides. Some known branched structures to disturb close packing of 
corresponding polysaccharides include: 1) amylopectin branching from the amylose 
backbone in starch (Zobal and Stephen, 1995), 2) arabinose branching from the xylose 
backbone in arabinoxylans (Perline, 1951
a,b; Andrewartha et al., 1979; McNeil et al., 
1984; Bacic et al., 1988), and 3) β-1-3 linkage in the mixed linked β-glucan structure 
(Fincher and Stone, 1986). For example, xylans in secondary cell walls tend to have 
fewer substitutes than xylans found in the primary cell walls (Chesson, 1995). As 
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digestibility of NSP in a whole-wheat flour diet (60% digestibility) than in a diet added 
secondary cell walls, which contain a less branched structure of xylans (24% 
digestibility).  
 
Not only is the quality of carbohydrate polymers known to influence digestion of 
energy, but also the quantity of cell wall polysaccharides influences digestibility. 
Increased levels of NSP content associated with a decrease of available energy content 
of a wheat diet in broiler chickens (Choct and Annison, 1990) and in pigs (Yin et al., 
2000). Other physiological and structural characteristics of wheat carbohydrates such as 
solubility (discussed earlier in this review, refer to section 1.4), degree of lignification, 
cross links between cell wall components and formation of junction zones in aqueous 
phase, are all known to influence digestion processes in monogastric animals (Choct 
and Kocher, 2000). 
 
1.11.1.5 Post-harvest storage 
Choct and Hughes (1997) reported the possibility of improvement of wheat DE content 
if stored at ambient temperature. Storage for approximately 4 months was shown to 
improve the available energy content (up to 3 MJ/kg DM) of some wheat cultivars when 
fed to broiler chickens (Choct and Hughes, 1997). Storage for 12 months improved 
AME values (2.6 – 3.2 MJ/kg DM) in Australian wheat (Choct and Hughes, 1999), and 
storage for 4 months improved both AME (up to 1 MJ/kg DM) and apparent ileal 
digestible energy content (up to 1.7 MJ/kg DM) in New Zealand wheat cultivars 
(Ravindran et al., 2001), although no improvement in MEn was found in a chicken 
study when German wheat cultivars were stored for 5 months (Huyghebart and Schöner, 
1999). The activation of endogenous glycanases, which degrade NSP components in the 
endosperm cell wall structure, has been proposed as a possible mechanism for the 
improvements (Choct and Hughes, 1997). Also, Jood et al. (1993) found increased 
sugars and decreased starch content with storage of wheat up to 4 months, indicating 
changes of carbohydrate composition of wheat during storage. 
 
In addition, increased soluble sugars during storage of wheat have been demonstrated in 
wheat stored for 6 months (Rehman and Shah, 1999) In these studies, less than 4 
months of storage (Jood et al., 1993), or storage of wheat below 10° C (Rehman and 
Shah, 1999), did not significantly change the carbohydrate composition of wheat, Chapter 1: Review of the Literature  54
indicating the activation of in-seed glycanases are temperature dependant. 
Consequently, it is apparent that more than 4 months of storage in ambient temperature 
activates endogenous enzymes resulting in various range of degradation of carbohydrate 
compositions, thus improving available energy value in some wheat cultivars. 
 
1.11.1.6 Enzyme supplementation 
1.11.1.6.1 Arabinoxylanase  
The influence of exogenous enzymes on efficiency of energy utilisation in wheat-based 
pig diets has been extensively studied (McClean et al., 1992; Inborr et al., 1993; 
Officer, 1995; Campbell et al., 1995; Schulze et al., 1996; Gill and Schulze, 1996; van 
Lunen and Schulze 1996; Li et al., 1996
a; Li et al., 1996
b; Yin et al., 1997; Dusel et al., 
1997
b; Patridge et al., 1998; Patridge et al., 1999; Choct et al., 1999
a; Gill et al., 2000; 
Yin et al., 2000).  
 
The purpose of NSP-degrading enzyme supplementation is not to cleave NSP polymers 
to readily absorbable mono- or di-saccharides, but to cleave large polymer molecules to 
smaller polymers for preventing network or junction zone formation, which decrease 
viscosity of digesta and reduce detrimental effects on digestion and absorption 
processes (Choct, 1997). Even though the net energy of carbohydrates hydrolysed and 
absorbed as monosaccharides from the small intestine is appreciably higher than that of 
carbohydrates fermented and absorbed as short chain fatty acids from the hindgut 
(Longland et al., 1994), absorbed D-xylose in the small intestine was poorly utilised and 
excreted largely via urine (43%) by pigs in spite of near 100% digestion at the terminal 
ileum (Schutte et al., 1991). Also, Schutte (1991) found that L-arabinose was poorly 
absorbed (70%) at the end of small intestine and had a lower energy value than D-
glucose. 
 
Another important role of exogenous NSP-degrading enzymes is to increase the 
available energy and protein content by cleaving tightly bound nutrients from the cell 
wall structure. The non-soluble cell wall components trap protein and starch within the 
wheat kernels. The exogenous feed enzymes also hydrolyse insoluble NSP and liberate 
locked protein and starch for easier digestion, thus improving feed digestibility and pig 
performance (Bedford and Schulze, 1998). As a consequence, the energy and protein 
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variable according to the carbohydrate composition, chemical structure and association 
between nutrients and cell wall materials in the diets fed to pigs. 
 
From the published literature, it is evident that performance or digestibility responses to 
supplemented enzyme (i.e., xylanase) are variable in pig feeding trials, although the 
responses are predominately positive, especially when the enzyme added to low 
performance or high extract viscosity wheat. Moreover, the NSP-degrading enzyme 
supplemented in a wheat-based diet can minimise the variation of available nutrients in 
a pig diet (Patridge et al., 1998; Choct et al., 1999
a). (see Table 1.8). The mechanism of 
performance or digestibility response to enzyme addition is not fully understood. 
However, this variable response to added enzyme may be explained, at least partly, by 
the diverse and complicate nature of carbohydrate structure and linkages between 
nutrients and cell wall structure. 
 
Table 1.8 Summary of literature on response to exogenous enzyme on wheat-based pig diet (After Partridge, 2001) 
Live weight  Ingredient  Enzyme usage  Response to enzyme  Ref. 
Weaner Wheat,  soybean  meal 
(SBM) 
Amylase, xylanase, cellulase, 
pectinase (700 g t
-1) 
+ ileal energy digestibility *  1 
6-10kg  Wheat, barley, SBM  β-glucanase, xylanase, amylase (41, 
740, 3300 U g
-1) 
No improved performance 
+ ileal starch digestibility* 
2 
6.5-14kg  Wheat, fish meal, meat 
meal, SBM 
Protease, lipase, β-glucanase, 
amylase, cellulase, hemicellulase, 
xylanase, pentosanase, pectinase 
No improved performance  3 
6-13kg  Wheat, lupin, SBM  Xylanase, pentosanase, β-glucanase  Improved growth and feed 
efficiency* 
4 
8-22kg  Wheat, SBM  Xylanase, (5000 U g
-1) 1kg t
-1 
Protease (500 U g
-1) 1kg t
-1 
Improved growth and feed 
efficiency* 
5 
33-94kg  Wheat, SBM  Xylanase (4000 U g
-1) 1kg t
-1  No improved performance  6 
22-80kg  Wheat, corn, wheat 
middlings, SBM 
Xylanase (4000 U g
-1) 1kg t
-1  Improved growth and feed 
efficiency* 
7 
7-11kg Wheat,  SBM  β-glucanase (1000 U g
-1) 2kg t
-1  + ileal energy and protein 
digestibility* 
8 
6-11kg Wheat,  SBM  β-glucanase (1000 U g
-1) 2kg t
-1  + faecal energy and protein 
digestibility 
9 
    
 
 
Continued 
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Live weight  Ingredient  Enzyme usage  Response  to enzyme  Ref. 
20kg Wheat,  wheat 
middling, wheat bran 
Xylanase (4000 U g
-1) 1kg t
-1  +Ileal protein digestibility* 
No improved ileal energy 
digestibility 
10 
10-25kg  Wheat, rye, barley, 
SBM 
Xylanase (5000 U g
-1) 1kg t
-1  Improved growth and feed 
efficiency* 
11 
8-30kg  Wheat, maize, wheat 
pollard, SBM 
Xylanase, β-glucanase, amylase, 
pectinase (4000, 150, 1000, 25 U g
-
1) 1kg t
-1 
Improved growth and feed 
efficiency* 
12 
28-60kg  Wheat (high, medium, 
low) performance 
Xylanase (4000 U g
-1) 1kg t
-1  Improved growth in low 
performance wheat* 
13 
7-16kg  Wheat (low, medium, 
high intake wheats) 
Xylanase, β-glucanase, cellulase 
(120 g t
-1) 
Increased growth 
performance in low intake 
wheat 
14 
8-18kg  Wheat, SBM (W), or 
wheat, beet pulp, 
soybean meal (WSBP) 
Xylanase, amylase, pectinase (W); 
β-glucanase, amylase, pectinase 
(WSBP), 1kg t
-1 
No improved growth and feed 
efficiency 
No improved faecal protein 
digestibility and DE 
15 
26kg Wheat,  wheat 
middling, wheat bran 
Xylanase (5000 U g
-1) 0.321kg t
-1  1-2% improvement in ileal 
and faecal DM, CP, energy 
digestibility* 
16 
References: 1. McClean et al. (1992); 2. Inborr et al. (1993); 3. Officer (1995); 4. Campbell et al. (1995); 5. Schulze et al. (1996); 
6.Gill and Schulze, (1996); 7. van Lunen and Schulze (1996); 8. Li et al. (1996
a); 9. Li et al. (1996
b); 10. Yin et al. (1997); 11. Dusel 
et al. (1997
b); 12. Patridge et al. (1998); 13. Patridge et al. (1999); 14. Choct et al. (1999
a); 15. Gill et al. (2000); 16. Yin et al. 
(2000). 
 
1.11.1.6.2 Phytase  
Phytate is able to bound with protein and possibly to starch to form undigestible 
complexes, which limiting protein, starch and P digestion in monogastric animals due to 
the relatively low phytase acitivity in the digestive tract (Maenz, 2001; Kies et al., 
2001). For these reasons, addition of phytase to chicken and pig diets is common 
practice in some European countries where environmental issues, such as P excretion in 
feaces, are critical in intensive livestock industries. Digestibility and performance 
responses to supplemental phytase are summurised in Table 1.9. Since phytate can 
closely bind to P, protein and possibly to starch (Reddy et al., 1982; Yang et al., 1991; 
Sohail and Roland, 1999; Kies et al., 2001), addition of phytase has shown 
improvements in P and protein digestibility in cereal-based chicken and pig diets 
(Simons et al., 1990; Mroz et al., 1992; 1994; Beers and Jongbloed, 1992), although a 
slight, or no improvement, has been observed in some pig studies (Sands et al., 2001; 
Traylor  et al., 2001).  Wheat shows relatively high in-seed phytase activity (471 Chapter 1: Review of the Literature  57
FTU/kg) compared to other cereals such as barley, maize and sorghum (416, 25, 26 
FTU/kg, respectively) (Selle et al., 2000).  
 
Table 1.9 Summary of literature on digestibility and performance responses to exogenous phytase in pigs  
Digestibility (%) response to phytase  Weight 
(Kg)  Diet  Phytase 
U/kg diet  DM CP CP  P  Ca 
Performance 
Response  Ref. 
11-25  Maize, 
barley  1450  85.0483.6 
(2% ↓) 
- -  38.3459.9 
(22% ↑) 
- 
DG (20%↑) 
DFI (13%↑) 
FCR (8%↑) 
1 
Corn 
SBM  1500 
Ileal 
70.0467.9 
(3%↓) 
- - 
Ileal 
26.4444.9 
(41%↑) 
Faecal 
12.9442.6 
(70%↑) 
- - 
37 
Tapioca 
SBM  1500 
Ileal 
48.8454.2 
(10%↑) 
- - 
Ileal 
16.4445.8 
(65%↑) 
Faecal 
27.8454.8 
(49%↑) 
- - 
2 
7.4  Corn 
SBM  1350 -  -  -  24.3469.6 
(65%↑) 
40.1468.6 
(41%↑) 
DG (38%↑) 
DFI (21%↑) 
FCR (21%↑) 
3 
8  Corn 
SMB  750 -  -  -  46.4469.0 
(33%↑) 
70.9483.6 
(15%↑) 
DG (22%↑) 
DFI (17%↑) 
FCR (4%↑) 
4 
9.4  Corn 
SMB  1500 -  -  -  57.8475.5 
(25%↑) 
57.8458.0 
(ND) 
DG (37%↑) 
DFI (ND) 
FCR (37%↑) 
5 
10-90  Corn 
SMB  1200 -  79.9482.9 
(4%↑) 
-  52.2466.7 
(22%↑) 
56.1456.5 
(ND) 
DG (24%↑) 
DFI (16%↑) 
FCR (9%↑) 
6 
88.5488.6 
(ND) 
- -  38.0450.4 
(25%↑) 
63.2464.1 
(1%↑) 
DG (15%↑) 
DFI (13%↑) 
FCR (2%↑)  19-108  Corn 
SMB  500 
86.1485.5 
(1%↓) 
- -  28.7441.3 
(31%↑) 
58.5457.2 
(1%↑) 
DG (6%↑) 
DFI (3%↑) 
FCR (3%↑) 
7 
30-38  76.2475.2 
(1%↓) 
- -  23.0436.6 
(37%↑) 
39.3443.9 
(10%↑) 
- 
40-100  78.2478.2 
(ND) 
- -  26.0443.2 
(40%↑) 
39.2443.2 
(9%↑) 
- 
Pregnant 
Sow 
81.8481.2 
(ND) 
- -  16.0426.8 
(40%↑) 
18.6416.4 
(12%↓) 
- 
Lactating 
Sow 
Corn 
Tapioca 
Wheat 
middling 
500 
81.0481.7 
(1%↓) 
- -  19.4440.9 
(53%↑) 
30.6431.3 
(2%↑) 
- 
8 
7.4  Corn 
SBM  750  80.8482.4 
(2%↑) 
- -  23.4456.6 
(59%↑) 
54.3479.4 
(32%↑) 
DG (6%↑) 
DFI (ND) 
FCR (9%↑) 
9.6  Corn 
SBM  500  79.3479.1 
(ND) 
- -  16.1433.6 
(51%↑) 
53.5467.0 
(20%↑) 
DG (5%↑) 
DFI (ND) 
FCR (8%↑) 
9 
37  Corn 
SBM  900 - 
Ileal 
74.2475.8 
(2%↑) 
- - - -  10 
37  Corn 
SBM  900 -  -  -  24.7440.9 
(40%↑) 
44.8454.5 
(18%↑) 
- 11 
12 
Corn 
SBM 
Whey 
1200 -  -  -  -  - 
DG (14%↑) 
DFI (7%↑) 
FCR (8%↑) 
12 
9  Corn 
SBM  2500  86.0486.8 
(1%↑) 
- -  23.1459.3 
(61%↑) 
59.0475.6 
(22%↑) 
DG (18%↑) 
DFI (8%↑) 
FCR (10%↑) 
13 
Continued 
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Digestibility (%) response to phytase  Weight 
(Kg)  Diet  Phytase 
U/kg diet  DM CP CP  P  Ca 
Performance 
Response  Ref. 
High 
available
-P corn  
91.0490.2 
(ND) 
91.6491.2 
(ND) 
89.9488.7 
(1%↓) 
53.5458.1 
(8%↑) 
38.7455.1 
(30%↑) 
DG (5%↑) 
DFI (2%↓) 
FCR (6%↑)  9-14 
Normal 
corn 
600 
91.1492.1 
(1%↑) 
91.2492.0 
(ND) 
90.4491.4 
(1%↑) 
76.3478.5 
(3%↑) 
72.7475.1 
(3%↑) 
DG (11%↑) 
DFI (7%↑) 
FCR (4%↑) 
14 
25 
Corn 
starch 
SBM 
1500 - 
Apparent 
ileal 
82.5482.2 
(ND) 
True ileal 
89.8489.6 
(ND) 
- 
Apparent 
ileal 
49.8469.8 
(29%↑) 
True ileal 
54.0474.0 
(27%↑) 
Apparent 
ileal 
63.5469.2 
(8%↑) 
True ileal 
69.3475.0 
(8%↑) 
- 15 
25  Barley 
Pea  374  82.0481.9 
(ND) 
76.0476.5 
(ND) 
80.8480.8 
(ND) 
40.1457.0 
(30%↑) 
- -  16 
45 
Barley 
Wheat 
SBM 
Not 
known  -  81.5483.0 
(2%↑) 
-  46.1459.1 
(22%↑) 
- -  17 
Wheat 
Phytate-P 
1.2g/kg 
- - - - -  Not 
improved 
Wheat 
Phytate-P 
2.2g/kg 
- - - - - 
DG (14%↑) 
DFI (10%↑) 
FCR (5%↑) 
Wheat 
Phytate-P 
3.2g/kg 
625 
- - - - - 
DG (11%↑) 
DFI (5%↑) 
FCR (11%↑) 
Xylanse 
4950  - - - - - 
DG (4%↑) 
DFI (4%↑) 
FCR (6%↓) 
Phytase 
750  - - - - - 
DG (3%↑) 
DFI (10%↑) 
FCR (7%↑) 
7 
Wheat 
SBM 
Xylanase 
+Phytase  - - - - - 
DG (6%↑) 
DFI (12%↑) 
FCR (6%↑) 
18 
↑/↓ improved/ reduced 
Abbreviations used: DG: daily gain; DFI: daily fed intake; FCR: feed conversion ratio; SBM: soy bean meal; ND: not different 
Digestibility data are total tract digestibility unless otherwise stated. 
Reference: 1. Beers and Jongbloed (1992); 2. Jongbloed et al. (1992); 3. Lei et al. (1993
a); 4. Lei et al. (1993
b); 5. Adeola et al. 
(1995); 6. Han et al. (1997); 7. Harper et al. (1997); 8. Kemme et al. (1997); 9. Radcliffe et al. (1998); 10. Kemme et al. (1999
a); 
11. Kemme et al. (1999
b); 12. Stahl et al. (2000); 13. Zhang et al. (2000); 14. Sands et al. (2001); 15. Traylor et al. (2001); 16. 
Oryschak et al. (2002); 17. McCann et al. (2003); 18. Selle et al. (2003). 
 
The efficiency of in-seed phytase, however, is generally lower (40 ~ 70%) compared to 
microbial phytase (exogenous) when fed to pigs and chickens (Kies et al., 2001). 
 
More recently, the effect of phytase on energy availability was studied, and a significant 
improvement in wheat, barley and corn-based chicken diets was found (Ravindran et 
al., 1999
a; Camden et al., 2001). The mechanism for the improved energy availability 
with addition of phytase is not clear, but improved protein and starch digestibility may 
be, at least partly, responsible (Selle et al., 2000). For example, phytase 
supplementation in a corn-based diet improved ileal protein (0.844 vs. 0.877), and starch 
(0.964 vs. 0.979) digestibility and hence improved apparent ileal DE content (16.1 vs. 
16.4 MJ/kg DM) in chickens (Camden et al., 2001). Chapter 1: Review of the Literature  59
 
These improvements in protein and energy digestibility with addition of a phytate-
degrading enzyme might be explained from the following possible mechanisms cited by 
Kies et al. (2001): (1) phytate-protein complexes exist in plant feedstuffs (Ravindran et 
al., 1995); (2) phytate-protein complexes can be formend de novo in the normal pH 
range within the gut (Rutherford et al., 1997), and (3) phytate, also, inhibits activity of 
proteolytic enzymes by formation of phytate and proteolytic enzyme complexes in the 
digestive tract (Singh and Krikorian, 1982; Caldwell, 1992). Also, Yoon et al. (1983) 
found an inhibitory effect of phytate on in vitro starch digestion with human saliva. 
 
1.11.1.6.3 Addition of supplemental enzymes in combination (xylanase & phytase)  
Some chicken studies have been conducted to examine the possible beneficial effects on 
nutrient digestion with supplementation of both xylanase and phytase (Ravindran et al., 
1999
a; Zyla et al., 1999). The combination of two enzymes improved the energy 
availability of low AME wheat by 19% while individual supplementation of xylanase 
and phytase only improved the energy availability by 9.7% and 5.3%, respectively. 
However such improvement was not observed with the high AME wheat by 
combination of the two enzymes (Ravindran et al., 1999
a).  
 
In another study, increased phytase application in a wheat-based chicken diet increased 
intestinal viscosities, indicating extensive cleavage between phytate and NSP linkage. 
However, in the presence of xylanase, increased phytase application linearly reduced 
intestinal viscosities below the levels attained with xylanase fed as a sole supplemental 
enzyme (Zyla et al., 1999). This study supports that the reduction of intestinal viscosity 
by xylanase supplementation might be partly responsible for the beneficial effect of 
combined enzyme supplementation. In this study, Zyla et al. (1999) also found that 
phytase improved body weight gain, while xylanase supplementation correlated with 
improvement of feed efficiency. 
 
1.11.1.7 Age of pigs 
The age of the pig is another factor that influences digestion and absorption of various 
nutrients. A study with piglets and fattening pigs (10 to 80 kg) was conducted by Roth 
and Kirchgessner (1984), and demonstrated a significant increase in faecal energy 
digestibility of 3.5% (in piglet, 8~12 kg vs. 12~19 kg) and 1.7% (in fattening pigs, Chapter 1: Review of the Literature  60
35~50 kg vs. 65~80 kg) units per kg increase in pig weight. Increase in faecal organic 
matter, crude protein and crude fibre digestibility in older pigs was observed.  
 
Similar trends have been demonstrated in studies with growing pigs. Bell and Keith 
(1989) demonstrated a significant positive relationship (P<0.05) between the live weight 
of growing pigs (20kg to 55kg) and the total tract digestibility coefficient of energy. In 
this study, the authors concluded that the digestibility of energy increased by 0.21% 
units per kg increase in pig weight. The increased energy extraction in older pigs might 
originate from improved fibre digestion capacity in hindgut in older pigs as increased 
faecal organic matter and fibre digestibilities were observed (Roth and Kirchgessner, 
1984).  
 
Development in digestive capacity of pigs with increasing live weight has been reported 
(Cunningham et al., 1962; Kass et al., 1980; Fernandez et al., 1986). Nielsen (1962, 
Cited in Fernandez et al., 1986) observed that small intestine continued to develop until 
pig’s live weight reaches 20kg, while the hindgut was still growing at 150kg. It may 
possible that increase in age of pigs might enhance development of digestive and 
absorptive capacity in small intestine and increase colonisation of carbohydrate-
degrading microorganisms in the large intestine. Therefore, the aged pigs may extract 
more energy from given diets (Just 1982
a,b; Just et al., 1983; Fernandez et al., 1986). 
 
1.11.1.8 Processing of grains 
The effects of physical preparations of wheat in pig diets have been extensively studied 
(Ivan  et al., 1974; Seerley et al., 1988; Hancock et al., 1993; Healey et al., 1994; 
Wondra et al., 1995; Mavromichalis and Hancock, 1999). Incorporation of whole-wheat 
grain in pig diets has shown to limit the utilisation of DM, energy and N compared to 
hammer-milled, rolled and pelleted wheat when fed to both weanling (15kg) and 
growing (59kg) pigs (Ivan et al., 1974). However, no significant differences in DM, 
energy and N digestibility were found between processing methods (Ivan et al., 1974). 
In contrast, pelleting a corn-based pig diet, especially after fine grinding (1000µm vs. 
400µm), increased average daily gain, feed efficiency, and the apparent digestibility of 
DM, N and energy (Wondra et al., 1995). 
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In a study investigating the effect of grinding methods, coarse grinding (hammer-milled 
with 6.35mm screen) of wheat had beneficial effects in terms of average daily gain and 
feed efficiency in grower pigs (40kg) than finely ground wheat (milled with 3.18mm 
screen) (Seerley et al., 1988). In contrast, feeding trials with weaner pigs (5.3kg) have 
found linear increases in average daily gain, feed efficiency, and apparent digestibility 
of DM, N, and energy as particle size was decreased from 900 to 300 µm, but feed 
intake was not improved by reducing the particle size of the corn and sorghum used 
(Healy et al., 1994; Wondra et al., 1995). Similar improvements in feed efficiency and 
energy digestibility have been reported in weaner pigs fed finely-ground (700µm vs. 
1000µm) corn, sorghum (Ohh et al., 1983) and barley (Goodband and Hines, 1988). In a 
recent study on the effects of particle size (1300, 600 and 400 mm) of wheat in weaner 
pigs, it was demonstrated that grinding to 600 µm was superior in terms of feed 
efficiency and DM digestibility compared to particle sizes of 1300 or 400 µm. In 
contrast, and in finishing pigs, reduction of particle size of wheat from 1300 to 400 µm 
was associated with increased feed efficiency and DM digestibility mainly due to the 
increased surface area that contact with digestive enzymes in the gut (Mavromichalis 
and Hancock, 1999). In addition, extrusion of wheat was not shown to improve the 
apparent digestibility of DM and N, but had beneficial effects on feed efficiency 
(Hancock et al., 1993). The set of studies described above supports the hypothesis that 
the nutrient digestibility and/(or) performance of pigs improved in the finer particle-
sized diets due to the fine grinding increases the surface area of the substrates, which 
contact with digestive enzymes in the gut of pigs (Wondra et al., 1995).  
 
It is apparent that fine grinding up to 300µm of corn, barley and sorghum tend to 
increase nutrient digestibility. However, in the case of wheat, particle size less than 
600µm was not beneficial in terms of feed efficiency, especially in weaner pigs 
(Mavromichalis and Hancock, 1999). 
 
1.12 Conclusion 
Energy is one of the most expensive components of feedstuffs for the pig industry, and a 
large portion of the energy content of conventional diets for weaner pigs comes from 
wheat. Wheat, however, is regarded as having a variable composition and energy value. 
Large variation in DE content of wheat is evident from the current literature review due 
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•  Environmental factors such as precipitation during vegetation period  
•  Storage after harvest  
•  Genetic factor such as variety  
•  Anti-nutritional factors including chemical structure of carbohydrates, 
especially NSP and phytic acid concentration  
•  Supplementation of NSP- and phytate-degrading enzymes.  
There is also little information on the DE content of wheats for newly-weaned pigs. The 
first part of this project (Part A) will examine the factors influencing the DE content 
from a cohort of Western Australian wheats. 
 
Another aspect of this project is that the variable chemical composition of wheat might 
alter digestion processes of energy along the gastrointestinal tract of weaner pigs. From 
Part A of this thesis the relationships between chemical composition and DE content of 
wheat will be examined, and the effect of some responsible components on nutrient 
digestion will be examined in part B of this thesis. This will reinforce the observations 
made in the Part A of this thesis. 
 
AIMS (PART A): This project aims to establish some of the factors that affect wheat DE 
content. Specifically, the project will: 
1.  Quantify the variation that exists in the DE content for weaner pigs of a 
selected cohort of WA wheats grown in different geographical locations; 
2.  Examine the influence of (a) an exogenous enzyme (arabinoxylanase, 
which degrades the arabinoxylans contained in wheat) and (b) grain storage (i.e., 
6 months post-harvest), on the DE content of these wheats; 
3.  Examine the effect of the chemical composition of the wheats on the DE 
content of these wheats, and establish the association between wheat 
carbohydrate characteristics (i.e., soluble/insoluble NSP content, 
amylose/amylopectin ratio, phytic acid) and DE content of wheat; and 
4.  Examine the effect of crop year (1999 and 2000) on DE content of 
wheat. 
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AIMS (PART B): From the results of Part A, some responsible factors for variation of DE 
content of wheat will be chosen and the effects of these factors on nutrient digestibility 
(i.e., nitrogen, energy, minerals) will be examined with weaner pigs. 
 
Hyphothesis (Part A): The general hypotheses tested in this thesis were:  
1)  The variety, growing region, growing season and storage for 6 months will influence 
the chemical composition, hence the DE content of wheat; 
2)  The addition of xylanase will improve the DE content of wheat. 
Hyphothesis (Part B): The general hypothesis tested in Part B of this thesis were:  
1)  Endosperm starch structure and particle size of a wheat-based weaner pig diet will 
influence nutrient digestibility. 
2)  Use of xylanase and phytase in a wheat-based weaner pig diet will improve nutrient 
digestibility. 
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General Materials and Methods 
 
 
2.1 Animals and housing 
For Experiments 2 and 3 (Chapters 4 and 5), 4-week-old male pigs (Landrace x Large 
White, average live-weight 6 kg) were obtained from a commercial piggery (Wandalup 
Farms, Mandurah, WA). The pigs were weaned at approximately 21 days of age and fed 
a standard commercial weaner diet (SupaCreep; Wesfeeds, Perth, WA) for 7 days 
before they were transported to the Medina Research Station (Medina, WA). The pigs 
were placed in individual pens (0.5 m elevated from the floor, pen dimensions 1.2 m x 
1.2 m) that had a mesh floor. The pens were kept in a room maintained at a temperature 
around 27° C by the use of two reverse-cycle airconditioning units. Water was available 
at all times from a nipple drinker set in each pen. Mash food was provided in a metal 
feeder (21 x 12.8 x 15.6 cm, WxDxH) attached to the inside of each pen. For 
Experiment 5 (Chapter 7), 3-week-old male pigs (Landrace x Large White, average live-
weight 5 kg) were transported at the time of weaning to the Medina Research Station 
and pigs were kept in the same crates in the same room. For Experiment 6 (Chapter 8), 
3-week-old male pigs (Landrace x Large White, average live-weight 5 kg) were 
transported to the Medina Research Station and pigs were kept in the crates in a 
temperature-controlled room, where the temperature was maintained at 29° C for the 
first 3 weeks and then 26° C for week 4. 
 
2.2 Experimental designs 
2.2.1 Experiment 1 
This experiment consisted of a 3 x 3 x 2 x 2 factorial design and was conducted to 
examine the variation in the chemical composition of wheats by the following factors. 
The factors studied were: (i) variety [Arrino: Australian Standard White Noodle wheat 
(ASWN); Stiletto, and Westonia: Australian Premium White wheats (APW), The Crop 
Variety Sowing Guide 2000], (ii) growing region in south-western Australia [wheat 
grown in (1) High rainfall area, more than 450 mm annual precipitation; (2) Medium 
rainfall area, between 325 ~ 450 mm annual precipitation, and (3) Low rainfall area, Chapter 2: General Materials and Methods  94
less than 325 mm annual precipitation, The Crop Variety Sowing Guide 2000], (iii) 
growing season (1999/2000 or 2000/2001), and (iv) storage (not stored or stored for 6 
months).  
 
2.2.2 Experiments 2-3 
Experiments 2 - 3 consisted of two replicates (year 1999/2000 and 2000/2001) of a 3 x 3 
x 2 x 2 factorial design and conducted to examine the DE content of wheat for weanling 
pigs. The factors studied were: (i) variety (refer to section 2.2.1), (ii) growing region in 
south-western Australia (refer to section 2.2.1), (iii) xylanase supplementation (with or 
without), and (iv) storage (not stored or stored for 6 months). The reason for choosing 
ASWN and APW varieties of wheat was because the endosperm texture differs between 
the two categories, which in turn could influence energy utilisation by young pigs. Also, 
it has been reported that noodle wheat varieties (i.e., ASWN) contained higher starch, 
amylose, GE and DE contents, than normal wheat (i.e., APW) varieties (Bhatty et al., 
1974). Therefore, I expected variable chemical composition between the wheats and 
hence in the DE content from these two categories of wheat. The High (Arthur 
River/Kojonup, southern part of WA), Medium (Newdegate, South-Eastern part of WA) 
and Low (Yelbeni, Eastern part of WA) rainfall areas were based on cumulated annual 
average rainfall recorded by the Bureau of Meteorology and presented in The Crop 
Variety Sowing Guide for Western Australia (2000). A total of 360 entire male weaner 
pigs (Landrace x Large White; 9 wheat samples x 2 enzyme treatments x 2 storage 
treatments x 2 seasons x 5 pigs per treatment) were used at the Medina Research Station 
in Western Australia for the experiments. 
 
The each variety of wheat samples was collected from the bulk of wheat at commercial 
farm (same site over two seasons) by sub-sampling wheat that representing the farm. 
Approximately one month after collection of each wheat sample in each year, about 
50% of each wheat was ground through a hammermill (8.5 mm screen) and mixed with 
the other dietary additives to make a complete diet (Table 2.1). The nine wheat diets 
were fed to weaner pigs with or without supplemental xylanase for the examination of 
the enzyme’s effect on the DE content of the wheats. The enzyme was an 
arabinoxylanase having a minimum activity of 4000 U/g (Porzyme 9300, Danisco 
Animal Nutrition, UK). It was included in the diet at 1 kg/tonne. Celite was added as an 
indigestible marker. The remaining fraction of each wheat was stored at ambient 
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6 months before the same procedures were performed to test the influence of storage on 
the DE content of the same wheats. The same experimental protocol was followed with 
wheats harvested in 2000/2001, to examine the effect of crop year on DE content of 
wheat when fed to weaner pigs.  
 
Table 2.1. The composition of the experimental diet (Experiments 2 and 3) fed to weaner pigs 
Ingredient Diet  (g/kg) 
Test Wheat  900 
Canola oil  43.7 
Dicalcium phosphate (DCP)  30.0 
Salt 2.8 
Vitamin & Mineral mix
1 2.5 
Choline chloride (60%)  1.0 
Celite (Acid insoluble ash marker)  20.0 
Enzyme
2 (1.0) 
Total 1000 
1 Provided the following nutrients (per kg of air-dry diet): 
Vitamins: A 1500 IU, D3 300 IU, E 37.5 mg, K 2.5 mg, B1 1.5 mg, B2 6.25 mg, B6 3 mg, B12 37.5 µg, Calcium pantothenate 25 mg, 
Folic acid 0.5 mg, Niacin 30 mg, Biotin 75 µg.  
Minerals: Co 0.5 mg (as cobalt sulphate), Cu 25 mg (as copper sulphate), Iodine 1.25 mg (as potassium iodine), Iron 150 mg (as 
Ferrous sulphate), Mn 100 mg (as Manganous oxide), Se 0.5 mg (as Sodium Selenite), Zn 0.25 mg (as zinc oxide), (Hogro Bronze 
Weaner and Grower, Rhone-Poulenc Animal Nutrition Pty Ltd., Queensland, Australia).  
2Porzyme 9300 [Active xylanase (endo-1,4- β-xylanase, IBU No EC 3.2.1.8) 4000 U/g; Danisco Animal Nutrition, Marlborough, 
UK). Enzyme was added at the expense of wheat in the diet for only enzyme treated groups. 
 
2.2.3 Experiment 4  
This experiment consisted of a 3 x 3 x 2 x 2 factorial design and was conducted to 
examine the variation in phosphorus (P), phytate-P and intrinsic phytase activity of 
wheat by the following factors. The factors studied were: (i) variety (refer to section 
2.2.1), (ii) growing region in south-western Australia (refer to section 2.2.1), (iii) 
growing season (1999/2000 or 2000/2001), and (iv) storage (not stored or stored for 6 
months). 
 
2.2.4 Experiment 5  
This experiment consisted of a 2 x 2 x 2 factorial design, with the respective factors 
being: (i) wheat (waxy and non-waxy wheat, cultivar Janz), particle size (600 or 900 
microns), and (iii) enzyme (xylanase). The objective of the study was to examine the 
effect of starch structure, particle size and enzyme supplementation on the total tract 
nutrient digestibility in the weaner pigs. The study was carried out using 48 entire male Chapter 2: General Materials and Methods  96
weaner pigs (Landrace x Large White) at the Medina Research Station, Western 
Australia. The diet composition is presented in the respective chapter (Chapter 7). 
 
2.2.5 Experiment 6 
This experiment consisted of a 2 x 4 factorial design, with the respective factors being: 
(i)  wheat (high and low phosphorus wheat) and (ii) enzyme (no enzyme, xylanase, 
phytase, and the combination of xylanase plus phytase). The objective of the study was 
to examine the influence of wheat P content to the digestibility response to the various 
supplemental enzymes. This study was carried out using 92 entire male weaner pigs 
(Landrace x Large White) at the Medina Research Station, Western Australia. The diet 
composition is presented in the respective chapter (Chapter 8). 
 
2.3 Allocation of piglets, feeding and sample collection 
2.3.1 Experiments 2-3 
Upon arrival at the Medina Research Station, the pigs were weighed and allocated to 
each treatment randomly according to their live weight. From the arrival day, the pigs 
were offered their respective experimental diet for 5 days for adaptation, with the 
amount of feed restricted to 5% of live weight (about 90% of ad libitum). The diets 
were offered twice daily at 0800 and 1600 h. After 5 days adaptation, the pigs were re-
weighed and the appropriate feeding amount was adjusted. Faecal “grab” samples from 
each pig were then collected during the next five consecutive days. The samples were 
collected from each pig at 0800, 1000, 1200, 1400, 1600 h, and then stored in a freezer 
(–20° C) immediately after collection. The collected samples were later thawed, mixed, 
freeze-dried, and ground with a laboratory hammer mill (through 1 mm screen; Glen 
Creston Ltd., London, UK) before chemical analysis. 
 
2.3.2 Experiment 5 
The pigs were transported at the time of weaning to the Medina Research Station. The 
experimental conditions were the same as for the previous trials (Experiments 2-3), 
except that the feeding amount was not restricted (ad libitum). From the arrival day, the 
pigs were offered their respective experimental diet for 21 days for assessment of pig 
performance indicies such as growth, intake and FCR. The diets were offered twice 
daily at 0800 and 1600 h. The pigs were weighed every week, and their intake and 
refusals were recorded on a daily basis. The faecal samples were collected during three Chapter 2: General Materials and Methods  97
consecutive days at the end of weeks 1 and 3 to examine age-related changes in 
digestibility estimates. The collection and preparation of faecal samples were conducted 
as described previously (section 2.3.1, Experiments 2-3).  
 
2.3.3 Experiment 6 
The pigs were transported at the time of weaning to the Medina Research Station. The 
experimental conditions were the same as Experiment 5. From the arrival day, the pigs 
were offered an identical pre-trial diet for 7 days (see Chapter 8, Table 8.1). The pigs 
were weighed and allocated to one of the 8 experimental diets according to their live 
weight. The experimental diets were fed for 21 days for assessment of pig performance. 
The diets were offered twice daily at 0800 and 1600 h. The pigs were weighed every 
week and their intake and refusals were recorded daily. The collection and preparation 
of faecal samples were made as described previously (section 3.2.1, Experiments 2-3). 
The faecal samples were collected during three consecutive days at the end of week 3 to 
examine nutrient digestibility. The collection and preparation of faecal samples were 
conducted as described previously (section 2.3.1, Experiments 2-3).  
 
2.4 Measurements on wheat, diet and samples 
2.4.1 Measurements of physical parameters 
Physical parameters such as % screenings and bushel weight were measured in the 
laboratory at Milne Feeds (Welshpool, W.A.), as described previously (Metayer et al., 
1993). Bushel weight was expressed in kilograms per hectolitre. Screening (%) was 
measured to separate the portion of small grains through a 2.5mm sieve. 
 
Average particle size of the ground feed (Experiment 5, Chapter 7) was determined 
using the three-screen, particle-size test (ASAE, 1995). A 50-gram sample of ground 
feed was shaken vigorously by hand for 90 seconds through three different sieves with 
balls and caruncles. The three sieves used were US # 12 (1700µm), #30 (600µm) and 
#50 (300µm). After shaking, the percentage of particle remaining on each screen was 
determined, and the average particle size was calculated using the following equation; 
Average particle size (µm) = 18.89X + 10.87Y + 1.18 Z –150 (R
2=0.88), 
where X, Y and Z are the percentage of sample on the #12, #30 and #50 sieves, 
respectively. 
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2.4.2 Chemical analysis 
2.4.2.1 Dry matter (DM) 
Dry matter was determined using AOAC official method 930.15 (AOAC, 1997), except 
0.5g samples were used instead of 2g samples. For this alteration, DM contents of 
selected wheat samples were determined using both methods, and the determined value 
using the modified method did not differ (P=0.97, paired t-test) from the value 
determined using the original (AOAC) method (Table 2.2 and Figure 2.1). 
 
Table 2.2 Validation of a modified method for determination of DM content (expressed as moisture 
content (%)) 
 Methods 
Wheat, Rainfall region
1  135° C, 2 h, 0.5g  135° C, 2h, 2g 
Stiletto Low  9.55  9.57 
Stiletto Medium  9.66  9.32 
Westonia High  10.10  9.97 
Westonia Low  8.97  9.02 
Westonia Medium  10.01  10.08 
Arrino Low  8.78  8.88 
Arrino Medium  9.55  9.58 
Arrino High  10.36  10.46 
Currawong
2 9.78  9.9 
Mean  9.67 9.67 
1High rainfall area: >450 mm annual precipitation; medium rainfall area: 325 - 450 mm annual precipitation, and low rainfall area: 
<325 mm annual precipitation  
2Currawong was used as a representative of a “feed wheat” (Cadogan et al., 1999) 
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Figure 2.1. Comparison of AOAC method to modified method used in this thesis 
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2.4.2.2 Crude protein (CP) 
Nitrogen content of wheat samples was determined at the Chemistry Centre of WA 
(East Perth, WA, Australia) using a combustion method (AOAC official method 990.03, 
AOAC, 1997), and a LECO FP-428 Nitrogen analyser was used. Then, the crude 
protein (CP) content was calculated using a multiplication factor of N x 5.83 (Patience 
and Thacker, 1989). 
 
2.4.2.3 Total starch 
The total starch content in the wheat samples was determined using a Megazyme Total 
Starch Assay Kit (Megazyme Australia Pty, Warriewood, NSW, Australia). 
Approximately 100 mg of sample was placed in a glass screw-top culture tube and then 
treated with the addition of ethanol (0.2ml, 80%, Ethanol, BDH, Merck Pty Ltd, 
Kilsyth, Australia) to aid dispersion and dimethyl sulphoxide (2ml, DMSO, Sigma 
Chemical Company, St. Louis, MO, USA) to free resistant starch. The tubes were 
placed in a boiling water bath for 5 minutes, and then thermostable α-amylase 
(Megazyme Total Starch Kit, Megazyme Australia Pty, Warriewood, NSW, Australia) 
in MOPS buffer (0.1ml enzyme plus 2.9ml buffer, 50mM, pH 7.0; Appedix 1) was 
added to each tube and then incubated in boiling water bath for 5 minutes. 
Amyloglucosidase (Megazyme Total Starch Kit, Megazyme Australia Pty, Warriewood, 
NSW, Australia) in Na-Acetate buffer (0.1ml enzyme plus 4ml buffer, 200mM, pH 4.5; 
Appendix 1) was added to each tube, and then the tubes were incubated at 50
o C for 30 
minutes. One ml of the solution was centrifuged (12000 g, 10 minutes), and 0.1ml of 
supernatant was diluted to 5ml. A 0.05ml sample of the diluted aliquot was added to 
3ml of GOD in triplicate (Glucose oxidase, Roche Diagnostics, Sydney, NSW, 
Australia). For samples with low starch concentrations the supernatant was added 
directly to GOD prior to reading of absorbence. A starch standard (approximately 100 
mg Wheat starch, S-2760, Sigma Chemical Company, St Louis, MO, USA) was used. A 
blank (50µL, distilled water, DW hereafter) and an external standard in triplicate (50µL, 
0.091mg/ml glucose, Roche Diagnostics, Sydney, NSW, Australia) were used in each 
assay. The tubes were incubated (37
o C, 30 minutes) and the optical density was read at 
420mm on a UV-VIS Spectrophotometer (UV-1201 Shimadzu Corporation, Kyoto, 
Japan). The standard solution optical density was then used to determine the total starch 
concentrations of the samples. 
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2.4.2.4 Fast Digestible Starch (FDS) 
Fast digestible starch provides an indication of the starch that is not closely bound to 
other indigestible components, and was used in this thesis as a rapid in vitro technique 
for the prediction of in vivo digestible energy (DE) content of cereal grains. FDS was 
determined using a modification of the Megazyme assay (Megazyme Australia Pty, 
Warriewood, NSW, Australia) based on official method 996.11 (AOAC, 1995). The 
modified method was successfully established from a 3x3 factorial in vitro experiment 
undertaken to select the optimal combination of temperature, time and enzyme 
concentration (Zarrinkalam et al., 2001). 
 
Approximately 100 mg of sample was placed in a glass screw-top culture tube and then 
treated with the addition of ethanol (0.2ml, 80%, Ethanol, BDH, Merck Pty Ltd, 
Kilsyth, Australia) to aid dispersion, and then thermostable α-amylase (Megazyme 
Total Starch Kit, Megazyme Australia Pty, Warriewood, NSW, Australia) in MOPS 
buffer (0.07ml enzyme plus 2.93ml buffer, 50mM, pH 7.0, Appendix 1) was added to 
each tube and then incubated in a 50
o C water bath for 2 minutes. A 4ml Na-Acetate 
buffer (4.1ml, 200mM, pH 4.5, Appendix 1) was added to each tube, and then 0.07 ml 
of amyloglucosidase (Megazyme Total Starch Kit, Megazyme Australia Pty, 
Warriewood, NSW, Australia) were added. The tubes were incubated at 40
o C for 15 
minutes. After incubation, 0.5% Triton X-100 in Trizma buffer (3ml, 0.5M, pH 7.0, 
Sigma, T-1530, Appendix 1) was added immediately to stop the reaction. Each tube was 
diluted to 100ml with DW and 5ml aliquot was centrifuged  (2000 g x, 10 minutes). A 
0.1ml supernatant was added to 3ml of GOPOD reagent (Megazyme Total Starch Kit, 
Megazyme Australia Pty, Warriewood, NSW, Australia). A starch standard 
(approximately 100 mg wheat starch, Megazyme Total Starch Kit, Megazyme Australia 
Pty, Warriewood, NSW, Australia) was used. A blank (no sample) was run with other 
wheat samples at the beginning of assay, and an external standard in duplicate (100µL, 
100µg/0.1ml glucose, Megazyme Total Starch Kit, Megazyme Australia Pty, 
Warriewood, NSW, Australia) was also used in each assay. The tubes were incubated 
(50
o  C, 20 minutes) and the optical density was read at 510mm on a UV-VIS 
Spectrophotometer (UV-1201 Shimadzu Corporation, Kyoto, Japan). The standard 
solution optical density was then used to determine the total starch concentrations of the 
samples. The fast digestible starch content was then calculated and expressed as a 
proportion of the total starch content (FDS Index). 
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2.4.2.5 Amylose/Amylopectin assay 
The Amylose content of wheat samples was determined using the Megazyme 
Amylose/Amylopectin Assay Kit (Megazyme Australia Pty, Warriewood, NSW, 
Australia). The underlying principle of amylose determination is the specific ability of 
concanavalin A (Con A) to form complexes with the branched structure of amylopectin. 
 
A 25mg of sample was placed in a boiling water bath for 15 minutes with 1ml DMSO 
and treated with 95% ethanol to remove any lipid in the samples. The tube content was 
centrifuged (2000 x g, 5 minutes) and the supernatant was discarded. The pellet was 
placed in a boiling water bath for 15 minutes with 1ml DMSO, and 2ml Con A solvent 
(600mM in acetate, pH 6.4; Appendix 1) was added upon cooling. The tube content was 
quantitatively transferred to a 25ml volumetric flask and diluted to volume with Con A 
solvent (sample solution A). 
 
Amylose determination 
A 1ml dilute (sample solution A) was mixed with a 0.5ml Con A solution (4mg/ml, 
Megazyme Amylose/Amylopectin Assay Kit, Megazyme Australia Pty, Warriewood, 
NSW, Australia; Appendix 1) and allowed to stand for 1 hour at room temperature. The 
sample was then centrifuged (20° C, 14,000 x g, 10 minutes), and 1ml supernatant 
mixed with sodium acetate buffer (100mM, pH 4.5, Appendix 1). The sample was 
boiled for 5 minutes and then incubated at 40° C for 5 minutes. The samples were 
further incubated at 40° C for 30 minutes with 0.1ml enzyme mixture 
[amyloglucosidase (200 U on p-nitrophenyl β-maltoside) plus fungal α-amylase (500 U 
on Ceralph Reagent); Megazyme Amylose/Amylopectin Assay Kit, Megazyme 
Australia Pty, Warriewood, NSW, Australia]. The tube content was then centrifuged 
(2000 x g, 5 minutes) and 1ml supernatant was added to 4ml GOPOD reagent 
(Megazyme Amylose/Amylopectin Assay Kit, Megazyme Australia Pty, Warriewood, 
NSW, Australia). A starch standard (approximately 25mg wheat starch, 70% amylose 
content, Megazyme Amylose/Amylopectin Assay Kit, Megazyme Australia Pty, 
Warriewood, NSW, Australia) was used. A blank (1ml sodium acetate buffer) and an 
external standard in triplicate (100µL, 100µg/0.1ml glucose, Megazyme Total Starch 
Kit, Megazyme Australia Pty, Warriewood, NSW, Australia) were used in each assay. 
The tubes were incubated (40
o  C, 20 minutes), and the optical density was read at 
510mm on a UV-VIS Spectrophotometer (UV-1201 Shimadzu Corporation, Kyoto, 
Japan). Chapter 2: General Materials and Methods  102
 
Total starch determination 
A 0.5ml of aliquot (sample solution A) was mixed with 4ml sodium acetate buffer 
(Appendix 1) and 0.1ml enzyme mixture [amyloglucosidase (200 U on p-nitrophenyl β-
maltoside) plus fungal α-amylase (500 U on Ceralph Reagent); Megazyme 
Amylose/Amylopectin Assay Kit, Megazyme Australia Pty, Warriewood, NSW, 
Australia]. The mixture was then incubated at 40
o C for 10 minutes. Duplicate 1ml 
aliquots were added to 4ml GOPOD reagent before incubation at 40
o C for 20 minutes, 
concurrently with amylose determination samples. The optical density was read at 
510mm on a UV-VIS Spectrophotometer (UV-1201 Shimadzu Corporation, Kyoto, 
Japan). The amylose content was calculated from absorbence readings and amylopectin 
content calculated by subtracting amylose content from pre determined total starch 
content. 
 
2.4.2.6 NDF, ADF, Lignin 
The neutral detergent fibre (NDF), acid detergent fibre (ADF), and lignin contents of 
the wheats were determined in duplicate samples using the method described by 
Robertson and van Soest (1981), and using AOAC official method 973.18 (AOAC, 
1997). 
 
2.4.2.7 Non-starch Polysaccharides (NSP) 
The analysis of the non-starch polysaccharide (NSP) content of the wheat samples was 
conducted at the University of New England (Armidale, NSW, Australia) using the 
method of Theander and Westerlund (1993). Approximately 200 mg of ground sample 
had the fat content extracted with hexane (10ml, sonicated for 15 minutes), and was 
then centrifuged (2000 g, 15 minutes, 20
o C). The supernatant was discarded. Ethanol 
(5ml, 80%) was added, the sample was heated (10 minutes, 80
o C), and then centrifuged 
(2000 g, 10 minutes). The supernatant was kept for analysis of free sugars. 
 
The residue was dried with nitrogen gas, and then starch gelatinisation was completed 
by adding acetate buffer (10ml, pH 5.0, see Appendix 1) and heating (100
o  C, 30 
minutes). The enzymes α-amylase (50µl, Sigma Chemical Company, St Louis, MO, 
USA) and then amyloglucosidase (50µl, Sigma Chemical Company, St Louis, MO, 
USA) were added with an incubation period (95
o C, 30 minutes) between the additions. 
The samples were then incubated overnight (55
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and the supernatant was then used to determine soluble NSP content. The residue was 
kept for insoluble NSP content. 
 
The soluble NSP content was determined by washing 4ml of the supernatant three times 
with ethanol (16ml, 80%), with the supernatant discarded each time. The residue was 
dried under nitrogen gas, trifluoroacetic acid (1ml, 2M) was added, and the samples 
were then incubated (125
o C, 1 hour). The residue was dried with nitrogen gas, washed 
with DW, and then the constituent sugars were reduced and acetylated. 
 
To analyse the insoluble NSP content, the residue kept from the sample preparation was 
washed in DW and then acetone, and dried with nitrogen gas. The residue was then 
hydrolysed (1ml, 12M H2SO4, 35
o  C, 1 hour) before the sugars were reduced and 
acetylated, as per the soluble NSP analysis. 
 
The free sugars were determined using the supernatant kept for this purpose, by 
hydrolysing with H2SO4 (1ml, 12M, 100
o C, 2 hours), then reducing and acetylating the 
sugars as per the previous two analyses. The released sugars in all three solutions were 
measured on a gas chromatograph (Hewlett Packard Model 427, Packard Instruments, 
Sydney, NSW, Australia) after calibration with allose as the internal standard. 
 
2.4.2.8 Acid Insoluble Ash (Celite®, indigestible marker) 
The Celite content in the feed and faeces was determined as acid insoluble ash (Choct 
and Annison, 1992). Pyrex crucibles, porosity 4 (Duran, Schott Glas, Mainz, Germany), 
were rinsed with DW and 4M hydrochloric acid (HCl, Merck Pty Ltd, Kilsyth, Vic, 
Australia). The crucibles were dried (108
o C, 2 hours) and then ashed (480
o C, 8 hours). 
Approximately 2g of sample was added to the crucible and ashed (480
o C, 8 hours). The 
samples were then boiled twice in 4M HCl, then dried and ashed (480
o C, 8 hours) 
again. Once dried, the residue was collected as acid insoluble ash, using the following 
formula: 
 
       (Crucible weight + Ash weight) – (Crucible weight) 
Acid insoluble ash (g/kg) =   
       (Crucible + sample weight) – (Crucible weight) 
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2.4.2.9 Titanium dioxide (TiO2, indigestible marker) 
Titanium dioxide content in the diet and ileal samples was determined based on the 
method described by Short et al. (1996). The TiO2 was used in Experiments 5 and 6 
(Chapters 7 and 8, respectively) as a dietary marker due to following resons. First, the 
sample required for analysis of marker is less with TiO2 than in Celite (0.1g and 2g, 
respectively), which is effective when collected samples are small. Second, the TiO2 
assay is quicker than the Celite assay procedure (1 day for 10 samples in duplicate and 3 
days for 14 samples in duplicate, respectively). Finally, the efficacy of TiO2 was already 
validated in pigs and chickens (>95% recovery in ileal and faecal samples; Short et al. 
1996; Jagger et al., 1991; Yin et al., 2000). 
 
Calibration curve 
A standard titanium dioxide solution (0.5mg/ml
-1) was prepared by dissolving 250mg 
TiO2 (Sigma Chemical Company, St. Louis, MO, USA) in 250ml 7.4M sulphuric acid 
in a heatproof glass beaker by heating just below boiling point. The beaker content was 
quantitatively transferred to 1L volumetric flask filled with 250ml 7.4M sulphuric acid. 
The content was diluted up to volume with DW. Graded amounts of the standard 
solution (0 ~ 5ml) were added to 50ml volumetric flask to make 5ml of combined 
volume with 7.4M sulphuric acid. A volume of 10ml hydrogen peroxide (H2O2, 30% 
v/w) was added to each flask for colour reaction, and the content was diluted to volume 
with DW prior to absorbence read at 410 nm on a UV-VIS Spectrophotometer (UV-
1201 Shimadzu Corporation, Kyoto, Japan). 
 
Determination of titanium dioxide in wheat and digesta samples 
A 1g diet sample or a 0.1g faecal sample was ashed at 580° C for 13 hours. The ash was 
then gently boiled with 5ml 7.4M sulphuric acid for 60 minutes to dissolve completely. 
The content was quantitatively transferred to 50ml volumetric flask with DW through 
filter paper (No. 541, Whatman). Then, 10ml hydrogen peroxide (H2O2, 30% v/w) was 
added to each flask for colour reaction. The content was diluted up to volume with DW 
and the absorbance was measured at 410nm on a UV-VIS Spectrophotometer (UV-1201 
Shimadzu Corporation, Kyoto, Japan). The concentration of TiO2 was then determined 
from a calibration curve (Figure 2.2). Chapter 2: General Materials and Methods  105
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Figure 2.2. Determined standard curve for titanium dioxide 
 
2.4.2.10 Total Phosphorus 
Total phosphorus (P) content of wheat samples was determined using the principle for 
calorimetric determination of P. It is based on the method described by Harris (1970), 
where the orthophosphate ion reacts with ammonium molybdate to form a 
phosphomolybdate compound, which is reduced to molybdenum blue with ANSA, and 
the blue colour is in direct proportion to the orthophosphate present. Samples are dry-
ashed, the ash dissolved in acid, and the P is measured spectrophometrically after the 
colour reaction of phospho-molybdate with amino-naphtol sulphonic acid (ANSA) 
reagent.  
 
Sample preparation 
Two grams of sample were ashed at 580° C overnight and boiled with a 5ml 
concentrated hydrocholic acid. Upon evaporation of all HCl, a further 2ml HCl was 
added and heated with cover (watch glass). The content was filtered through filter paper 
(No. 541, Whatman) into a 500ml volumetric flask containing 200ml cold DW. Upon 
cooling, the content was diluted to volume with DW. 
 
Calibration curve 
A standard P solution (0.1g P/ml; Appendix 1) was prepared by dissolving 439mg 
KH2PO4 (BDH, Merck Pty Ltd, Kilsyth, Australia) in 300ml DW. A 200ml H2SO4 was 
added to the P solution. Then, a few drops of 2% potassium permanganate (2% solution 
in DW, BDH, Merck Pty Ltd, Kilsyth, Australia) was added (for preservation), and the 
solution was made up to volume with DW. Graded amounts of the standard solution (2, 
5, 10, 15, 20 and 25ml) were added to separate 50ml volumetric flasks to make 25ml of 
combined volume with cold DW. A 5ml amount of ammonium molybdate (25g Chapter 2: General Materials and Methods  106
ammonium molybdate in 10N H2SO4, Appendix 1) and 2ml of ANSA solution (ANSA 
reagent; 1-amino-2-napthol-4-sulfonic acid 250g/100ml in 15% sodium metabisulfite 
and 20% sodium sulfite, Appendix 1) were added to each flask for colour reaction, and 
the content was diluted to volume with DW. The absorbance was measured at 680nm on 
a UV-VIS Spectrophotometer (UV-1201 Shimadzu Corporation, Kyoto, Japan) exactly 
20 minutes after addition of the ANSA solution. The concentration of inorganic P then 
determined from the calibration curve (Figure 2.3). 
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Figure 2.3. Determined standard curve for standard phosphorus solution 
 
Determination of total phosphorus 
A 2ml aliquot was transferred to a 50ml volumetric flask and 25ml DW was added. A 
5ml ammonium molybdate solution (25g ammonium molybdate in 10N H2SO4, 
Appendix 1) was added, and then a 2ml amino-naphtol sulfonic acid solution (ANSA 
reagent; 1-amino-2-napthol-4-sulfonic acid 250g/100ml in 15% sodium metabisulfite 
and 20% sodium sulfite, appendix 1) was added for colour reaction and made up to 
volume. The absorbance was measured at 410nm on a UV-VIS Spectrophotometer 
(UV-1201 Shimadzu Corporation, Kyoto, Japan) exactly 20 minutes after addition of 
the ANSA solution. The concentration of P was then determined using the following 
formula: 
       Total mg P / 50ml from P standards 
Factor =   
       Total of standard absorbance readings 
 
       Sample reading x Factor x 50 x 1000 
Phosphorus (mg/100g) =   
       Sample weight x Aliqot 
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2.4.2.11 Phytate-P 
The phytate P content of wheat samples was determined at BRI Australia Limited 
(North Ryde, NSW, Australia). The principle for calolimetric determination of phytate-
P is that the sample is extracted with hydrochloric, sulphuric, trichloroacetic acids and 
subsequently precipitated for formation of Fe
3+-phytate complex by FeCl3. Phytate is 
then estimated by determining the P, Fe or inositol content of the precipitate or by 
measuring the excess Fe in the supernatant (Xu et al., 1992). The modified method has 
been used for analysis of phytate-P at BRI Australia Limited, as follows: 
 
•  Weigh 2g of sample into a 10mL conical flask and add 40mL of 0.38M HCl / 
10% Na2SO4.  
•  Add a magnetic flea to flask and extract for 3 hours on a magnetic stirrer.  
•  Filter through No. 1 Whatman filter paper.  
•  Pipette 5.0mL of filtrate into centrifuge tubes and add 5.0mL water and 6.0mL 
of 0.4% FeCl3.6H20 in 0.075M HCl.  
•  Heat tubes in boiling water bath for 15 minutes.  
•  Centrifuge for 15 minutes at 6,000 g, then decant and discard the supernatants.  
•  Disperse each pellet thoroughly with 5mL 4% Na2SO4 in 0.075M HCl.  
•  Centrifuge for 15 minutes at 6,000 g, then decant and discard the supernatants.  
•  Dissolve the pellet in 3mL concentrated H2SO4, then add 3mL concentrated 
HNO3 and 3mL DW.  
•  Transfer to glass test tubes.  
•  Place in a sand bath and hold at boiling point for 90 minutes.  
•  Add 15mL water to test tubes.  
•  Heat in boiling water bath for 15 minutes.  
•  Quantitatively transfer to a 50mL volumetric flask and dilute to volume with 
DW.  
•  Determine P content by taking a suitable aliquot and measuring 
spectrophotometrically the colour reaction of phosphomolybdate with ANSA 
reagent. 
 
2.4.2.12 Phytase activity 
The phytase activity in wheat samples was determined at BRI Australia Limited (North 
Ryde, NSW, Australia). The principle for this analysis is based on the method described Chapter 2: General Materials and Methods  108
by Engelen et al. (1994). The sample is incubated with sodium phytate, and phytase in 
the sample liberates inorganic phosphate from the substrate. Molybdate/vanadate 
reagent was added to stop the enzyme activity and produced a coloured complex with 
the phosphate produced. The absorbence was measured at 415 nm. One phytase unit 
(FTU) is defined as the amount of enzyme, which at 37° C, pH 5.5, liberates 1.00 
micromole of inorganic phosphorus per minute from 0.0051 mole per litre sodium 
phytate. 
 
2.4.2.13 Determination of P and Ca in faecal samples 
Phosphorus and calcium content in faecal samples were determined by inductively 
coupled plasma atomic emission spectroscopy (ICP-AES) method after digestion with a 
mixture of nitric and perchloric acids using an ARL 3580 B (McQuaker et al., 1979) at 
the Chemistry Center of WA (West Perth, WA).  
 
2.4.2.14 Determination of viscosity- wheat 
The  in vitro extract viscosity of wheat was determined using a Brookfield digital 
viscometer (Model LVTDVCP-II, Brookfield Engineering Laboratories, Stoughton, 
MA) at Danisco Animal Nutrition, Denmark. The methods used were described by 
Bedford and Classen (1992). The viscosity unit (centipoise- cp) is equal to the viscosity 
of a fluid that would require a shearing force of 1 dyn to move 1 cm
2 of the layers of 
fluid 1 cm apart with a velocity of 1 cm/s relative to the other layer. 
 
2.4.2.15 Gross energy 
The gross energy (GE) content of the wheat, feed, ileal samples and faeces was 
determined at the WA Department of Agriculture using a Ballistic Bomb Calorimeter 
(SANYO Gallenkamp, Loughborough, UK). Approximately 1 gram of sample was 
combusted and then the energy value estimated against standard value obtained from 
benzoic acid (BHD, Merck Pty Ltd, Kilsyth, Australia). 
 
2.4.2.16 Near Infra-Red Spectroscopy (NIR) DE 
The DE content of wheat was determined using the Near Infra-Red Spectroscopy 
(NIRS) systems at the South Australian Research and Development Institute (SARDI), 
Roseworthy, Adelaide, South Australia. The calibration curve for DE estimation from 
NIRS has been validated by van Barneveld et al. (1999). 
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2.4.2.17 Precipitation (rainfall) levels 
Annual precipitation (rainfall) levels were obtained from the Bureau of Meteorology, 
Western Australian Regional Office (West Perth, WA, Australia). Precipitation level 
during the vegetation period was defineds the amount of rainfall that fell during the 
growing period, i.e., May to October, in each growing region (i.e., High, Medium and 
Low; refer to section 2.2). 
 
2.5 Determination of digestibility coefficient (DC) of nutrients 
and the DE content 
 
The DC (%) of nutrients (i.e., N, GE, starch and minerals) in the diet was determined 
using the following equation: 
     1 – Faecal nutrient (g/kg)/Faecal marker (g/kg) 
DC (%)=   
         Diet nutrient (g/kg)/Diet marker (g/kg) 
 
Using the marker technique, the digestible energy (DE) was calculated using the gross 
energy (GE) content of the diet and the faecal samples, using the following formula: 
 
                                   (1 – Faecal GE (MJ/kg) / Faecal marker (g/kg) ) 
DE (MJ/kg)=  Diet GE (MJ/kg) x  
                                               Diet GE (MJ/kg) / Diet marker (g/kg) 
 
2.6 Validation of the indigestible marker method against total 
collection of faeces 
 
The conventional method for estimation of DE content is by using the total collection 
method, where there is total collection of faeces (generally for 5 days) and DE content is 
calculated by subtracting the energy content in total voided faeces from the energy 
content in the total amount of diet eaten. Since the total collection method is laborious 
and time consuming, the method using an indigestible dietary marker has been 
developed, and is commonly used for determination of apparent nutrient digestibility. 
Here, addition of a marker in the diet is used to estimate nutrient digestibility from the 
concentration of the marker in the diet and its concentration in digesta samples. 
Common markers for animal research include chromic oxide, acid insoluble ash (celite) 
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compared to celite and titanium dioxide in previous publications (McCarthy et al., 1974; 
Moughan  et al., 1991; Jagger et al., 1992; Mroz et al., 1996; Yin et al., 2000). 
Therefore, I chose celite for the initial DE trials in this study.  
 
Before conducting the main experiments, a preliminary experiment was conducted with 
three age groups of pigs for validation of the marker method over the total collection 
method in the estimation of DE content. Three groups of pigs (6.3kg, 26kg, 50.5kg, 
n=6) were fed exactly the same wheat-based diet containing 90% wheat and 10% 
additives, including 2% of the celite marker. The feeding level was 5% of live weight, 
and water was freely accessible for the entire experimental period. The pigs were 
individually kept in metabolism crates and adapted to the experimental diet for 5 days 
prior to a 5-day collection period. The results are presented in Table 2.3.  
 
Table 2.3 Digestibility of energy (De) and digestible energy content (DE MJ/kg DM) of wheat in 
different age groups of pigs (n=6) determined using the total collection method and the marker 
(acid insoluble ash) method 
  De (%)  DE (MJ/kg DM) 
Live weight (kg)  Total collection Marker % Difference Total collection  Marker  % Difference
            
6.3 85.33  84.68  0.76  15.66  15.54  0.77 
26.0 85.38  84.90  0.56  15.67  15.58  0.57 
50.5 85.56  85.08  0.56  15.70  15.61  0.57 
SEM
1 0.29  0.29    0.054  0.054   
1Standard error of  mean (n=18). 
 
There were no significant differences (P=0.7, ANOVA) between the total collection 
method and marker method for both the digestibility coefficient of energy and the DE 
content of wheat, indicating the validity of the marker method, although a slight 
underestimation (<1%) of the marker method was evident. The results are in general 
agreement with previous studies (McCarthy et al., 1974; 1977). The age of pigs did not 
significantly affect the extraction of energy from the diet, however there was a trend for 
increased energy extraction with increased pig age (Figure 2.4). 
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Figure 2.4. Relationship between energy digestibility and live weight of pigs determined with marker 
method 
 
2.7 Statistical analyses    
Data were analysed using either the ANOVA procedures of StatView (StatView 5.0 for 
windows, AddSoft Pty. Ltd., Woodend, Vic., Australia) or the GLM procedure of 
Minitab (Minitab Inc., PA, USA). Detailed methods are presented in each chapter. 
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Abstract Two experiments were conducted to examine varietal and environmental influences on physical 
characteristics and chemical content in a cohort of wheats grown in Western Australia. In Experiment 1, a 
3x3x2 factorial experiment examined the relationships between wheat variety (Arrino, Stiletto and 
Westonia), growing region (high, medium and low rainfall zone) and 2 harvest years (1999 and 2000). In 
Experiment 2, the effect of storage for 6 months on the chemical composition of the wheats was 
examined. Wide variations in the content of CP (CV 19.4%), total starch (CV 5.45%), total NSP (CV 
9.4%), insoluble NSP (CV 10.4%) and soluble NSP (20.7%) were observed. The crude protein content of 
wheat was inversely related to total starch content (r=-0.779, P<0.001). Variety influenced FDS 
(P<0.001), ADF (P<0.01), total NSP (P<0.05), insoluble NSP (P<0.05), and in vitro extract viscosity 
(P<0.05). The annual precipitation level (mm) irrespective of growing region correlated to bushel weight 
(r=-0.683, P<0.01), CP (r=-0.631, P<0.01), total starch (r=0.526, P<0.05), ADF (r=-0.687, P<0.01), lignin 
(r=-0.863, P<0.001), soluble NSP (r=0.826, P<0.001) and free sugar content (r=-0.795, P<0.001), 
indicating the importance of annual rainfall for accumulation of protein, carbohydrates, and lignin in 
wheats. Harvest year had a strong influence on chemical composition (P<0.05 ~ P<0.001) and bushel 
weight (P<0.001) of wheat. Storage for 6 months decreased soluble NSP (P<0.01), ADF (P<0.05) and 
lignin content (P<0.01), and increased free sugar content (P<0.001). 
Key Words: wheat, variety, growing environment, storage, chemical composition. 
*cv: coefficient of variatrion 
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3.1 INTRODUCTION 
 
The primary purpose of including cereal grains such as wheat in monogastric animal 
diets, such as for pigs and chickens, is to provide energy and protein for growth. Starch, 
dietary fibre and protein are the main components of wheat grain and comprise up to 
95% on a dry matter basis. Wheat typically contains 67% starch, 13% protein, 8% 
arabinoxylan (1.8% soluble fraction), 0.8% β-glucan (0.4% soluble fraction), and 2.0% 
absolutely insoluble cellulose (Englyst, 1989; Shi and Noblet, 1993). Due to the inverse 
relationship between starch and fibre components, however, considerable variation in 
the chemical composition of wheat has been reported, particularly with regard to starch 
and NSP. For example, the variation in starch content among different wheats (n=21) 
ranged from 59% to 72% (dry matter basis, Mollah et al., 1983), and total NSP content 
of Australian wheats (n=81) ranged from 8% to 15% (Choct et al. 1999). This wide 
variation in the chemical composition of wheat consequently results in variation in the 
amount of available nutrients for monogastric animals (Mollah et al., 1983; Anderson 
and Bell, 1983; Choct et al., 1999), and this can be detrimental to the efficiency of 
animal production. In particular, the level of non-digestible carbohydrates, such as NSP, 
can exert anti-nutritive effects when included in diets and hence limit growth (Choct 
and Annison, 1990; 1992). 
 
It is recognised that the variety (March and Biely, 1973; Anderson and Bell, 1983), 
growing region (Dusel et al., 1997) and growing season (Choct et al., 1999) influence 
the chemical composition of wheat. Also, there is evidence that post-harvest storage 
alters the chemical composition (Jood et al., 1993; Rehman and Shah, 1999), and hence 
the utilisable energy content, of wheat (Choct and Hughes, 1997; Choct and Hughes, 
1999; Ravindran et al., 2001). However, there is a lack of simultaneous information on 
the variation of chemical composition as affected by variety, growing environment and 
storage, which is crucial to investigations into the nutrient utilisation from different 
wheats. Therefore, quantifying variation in the chemical composition of wheat and 
investigating factors that influence this variation, would potentially be useful in 
explaining nutrient utilisation of wheat-based diets for monogastric animals. 
 
The purposes of this study were to: (1) quantify the variability in chemical composition 
of wheat according to its variety and growing region over two growing seasons; and (2) Chapter 3. Chemical composition of wheat 
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examine changes in chemical composition of these wheats with post-harvest storage of 
6 months. 
 
3.2 Materials and Methods 
3.2.1 Experimental design  
Two experiments were conducted to examine the variation in chemical composition of 
wheat as affected by variety, growing region, growing season and post-harvest storage 
for 6 months. In Experiment 1, a 3x3x2 factorial experiment was conducted with 
respective factors being variety [Arrino: Australian Standard White Noodle wheat 
(ASWN); Stiletto and Westonia: Australian Premium White wheats (APW)], growing 
regions in south-western Australia [wheat grown in (1) high rainfall area (Arthur 
River/Kojonup), > 450 mm annual precipitation; (2) medium rainfall area (Newdegate), 
between 325 - 450 mm annual precipitation, and (3) low rainfall area (Yelbeni), < 325 
mm annual precipitation], and growing season (1999, 2000). However, actual rainfall in 
the medium and low rainfall areas was similar in both seasons, and the annual 
precipitation level in the low rainfall area showed similar annual rainfall as the high 
rainfall area in 1999 (Table 3.1).  
 
Table 3.1. Precipitation level over two seasons in different regions of Western Australia 
Year 1999  2000 
Precipitation (mm)  Annual  Growing season
A Annual  Growing  season 
Growing region
B       
High  520  406 382 266 
Medium  449  289 346 137 
Low  520  297 369 130 
AGrowing season defined as May to October 
BHigh rainfall area: >450 mm annual precipitation (Arthur River/Kojonup); medium rainfall area: 325 - 450 mm annual 
precipitation (Newdegate), and low rainfall area: <325 mm annual precipitation (Yelbeni), (The Crop Variety Sowing Guide for 
Western Australia 2000
13) 
 
The high, medium and low rainfall areas were based on cumulated annual average 
rainfall recorded by the Bureau of Meteorology and presented in The Crop Variety 
Sowing Guide for Western Australia 2000. The chemical compositions of the 9 wheat 
samples harvested in year 1999 were analysed within 1 month after harvest. The same 
experimental protocol was followed with wheat harvested in 2000 to examine the Chapter 3. Chemical composition of wheat 
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seasonal variation in chemical composition. The wheat samples were collected from the 
commercial farm (same sites over two seasons). In Experiment 2, the wheat samples 
(n=9) harvested in 1999 were stored in sealed metal-sided bins in a grain shed at 
ambient temperature for 6 months prior to re-analyses to examine the effect of storage 
on the change of chemical composition. 
 
3.2.2 Determination of Chemical composition of wheat  
The physical parameters such as screenings (%) and bushel weight (hectolitre weight, 
kg/hl) were measured as received using methods described previously (Metayer et al., 
1993). Dry matter content of wheat samples was determined using AOAC official 
method (930.15). The nitrogen content of wheat samples was determined using a 
combustion method (AOAC official method 990.03), with the crude protein content 
calculated using a multiplication factor of N x 5.83. Total starch content and the 
amylose/amylopectin content of the wheat were determined using the Megazyme Total 
Starch Assay Kit (Megazyme International Australia Pty., Warriewood, NSW, 
Australia), involving enzymatic hydrolysis with α−amylase and amyloglucosidase and 
the Amylose/Amylopectin Assay Kit (Megazyme International Australia Pty., 
Warriewood, NSW, Australia), respectively. Enzyme hydrolysed neutral detergent fibre 
(eNDF), acid detergent fibre (ADF), and lignin were determined using AOAC 
procedure numbers 925.10.  
 
Fast digestible starch (FDS) provides an indication of the starch that is not closely 
bound to other indigestible components. The FDS was determined using a modification 
of the Megazyme assay (Megazyme Australia Pty, Warriewood, NSW, Australia) based 
on official method 996.11. The modified method was successfully established from a 
3x3 factorial in vitro experiment undertaken to select the optimal combination of 
temperature, time and enzyme concentration (Zarrinkalam et al., 2001). The non-starch 
polysaccharide (NSP) content of the wheat samples was determined using the method of 
Theander and Westerlund (1993). Annual precipitation level (mm) data were obtained 
from Bureau of Meteorology, Western Australian Regional Office (West Perth, WA, 
Australia). Precipitation level during the growing period was determined as the rainfall 
occurring during May to October in each area. In vitro extract viscosity (unit: 
centipoise, or cp) of wheat was determined using a method described previously 
(Bedford and Classen, 1992). Chapter 3. Chemical composition of wheat 
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3.2.3 Statistics  
One-way and two-way analyses of variance (ANOVA) and Pearson’s correlation 
analysis were conducted using the statistical package StatView 5.0 for Windows 
(AddSoft Pty. Ltd., Woodend, Vic., Australia). The difference in chemical composition 
of wheats due to growing season was determined and subjected to correlation analysis 
to examine associations between chemical compositions.  
 
3.3 Results and Discussion 
3.3.1 Variation in chemical composition and relationship between 
physical characteristics and chemical composition  
The mean chemical composition data of 18 wheat samples (1999 and 2000 combined) 
are presented in Table 3.2. The bushel weight of wheat ranged from 70.0kg/hl to 
92.8kg/hl, with a mean value of 82.9kg/hl (CV 7.78%). In the literature, the lowest 
bushel weight has been reported as 49.5kg/hl (Anderson and Bell, 1983).
 However, the 
bushel weight of most wheats varies between 64kg and 87kg/hl (Sibbald and Price, 
1976; Metayer et al., 1993; Zijlstra et al., 1999).
  The CP, total starch, and most fibre 
contents, including detergent fibre and NSP, were highly variable. Crude protein content 
ranged from 9.8% to 19.1% with a mean value of 13.4% (dry matter basis, CV 19.4%). 
A wide variation (9.1 ~ 22.8%) in crude protein content has previously been reported in 
wheat samples (March and Biely, 1973; Sibbald and Price, 1976; Taverner and Farrel, 
1981; Mollah et al., 1983). Total starch ranged from 58.5% to 73.7% (dry matter basis, 
CV 5.45%). In the literature, total starch content varies from 50.4% to 79.5% (Sibbald 
and Price, 1976; Mollah et al., 1983; Lin et al., 1987; Rogel et al., 1987; Fuller et al., 
1989; Metayer et al., 1993; Zijlstra et al., 1999;). Total, insoluble and soluble NSP 
content were also variable (CV 9.4%, 10.4%, 20.7%, respectively), as reported 
previously (Dusel et al., 1997; Choct et al., 1999; Zijlstra et al., 1999). In general, the 
current study highlights the wide variation in the chemical composition of wheats grown 
in Western Australia. 
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Table 3.2. Mean chemical composition (%DM) of 18 wheat samples (1999 and 2000 combined) 
determined one month after harvest 
 Chemical  composition  Statistics
B 
  Mean
A  Minimum  Maximum  CV (%)  Variety  Rainfall zone  VxRZ 
Physical  characteristics            
Bushel weight (kg/hl)  82.92 (1.52) 70.00  92.77  7.78  NS  NS  NS 
Screenings (%)  3.45 (0.59)  0.0  8.68  72.51  *  NS  NS 
Chemical composition (%)            
Dry matter  90.06 (0.21)  88.18  91.70  1.00  NS  *  NS 
Crude protein  13.35 (0.61)  9.75  19.12  19.41  NS  NS  NS 
Gross Energy (MJ/kg DM)   19.99 (0.12)  18.90  20.97  2.64  NS  NS  NS 
Total starch  65.35 (0.84)  58.52  73.70  5.45  NS  NS  NS 
FDS 33.46  (1.18)  25.44  42.58  14.94  **  NS  NS 
Amylose 22.71  (0.43)  19.36  26.34  8.06  NS  NS  NS 
Amylopectin 42.64  (1.11)  34.53  54.34  11.03  NS  NS  NS 
Amy/Ap ratio  0.53 (0.02)  0.34  0.70  19.23  NS  NS  NS 
NDF 15.95  (0.30)  12.99  18.93  8.01  NS  NS  NS 
ADF 3.88  (0.10)  2.99  4.42  10.84  NS  NS  NS 
Lignin 1.11  (0.04)  0.78  1.37  15.87  NS  NS  NS 
Total NSP  9.15 (0.20)  7.83  11.06  9.35  NS  NS  NS 
Arabinose 2.85  (0.08)  2.28  3.53  12.36  **  NS  NS 
Xylose 3.78  (0.09)  2.94  4.47  9.74  NS  NS  NS 
Arabinoxylan 6.64  (0.15)  5.68  7.97  9.38  NS  NS  NS 
Ara/Xyl ratio  0.80 (0.03)  0.60  1.06  13.88  NS  NS  NS 
Insoluble NSP  8.06 (0.20)  6.89  10.12  10.37  0.0893  NS  NS 
Arabinose 2.55  (0.07)  2.01  3.21  12.41  **  NS  NS 
Xylose 3.39  (0.08)  2.69  4.17  10.25  NS  NS  NS 
Arabinoxylan 5.94  (0.14)  5.11  7.39  9.89  NS  NS  NS 
Ara/Xyl ratio  0.80 (0.02)  0.69  1.05  12.76  **  NS  NS 
Soluble NSP  1.09 (0.05)  0.70  1.41  20.66  NS  NS  NS 
Arabinose 0.33  (0.02)  0.23  0.47  19.75  NS  NS  NS 
Xylose 0.39  (0.03)  0.21  0.56  29.29  NS  NS  NS 
Arabinoxylan 0.72  (0.04)  0.45  1.02  24.60  NS  NS  NS 
Ara/Xyl ratio  0.92 (0.04)  0.69  1.24  17.55  NS  NS  NS 
Total NSP/Insoluble NSP  0.88 (0.006)  0.84  0.92  2.74  NS  NS  NS 
Total NSP/Soluble NSP  0.12 (0.006) 0.08  0.16  20.61  NS  NS  NS 
Insoluble NSP/Soluble NSP  0.14 (0.007) 0.09  0.19  23.27  NS  NS  NS 
Free sugars  1.65 (0.08)  1.12  2.27  21.12  NS  NS  NS 
In vitro Viscosity (cp)  12.53 (0.77)  8.24  20.20  25.88  *  NS  NS 
AMean (±SEM) of 18 wheat samples. 
BNS: not significant, *P<0.05, **P<0.01, ***P<0.001 
 
The data for 18 wheat samples were subjected to Pearson’s correlation analysis to 
establish relationships between physical and chemical composition of wheats (Appendix Chapter 3. Chemical composition of wheat 
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2). The CP content was inversely correlated to total starch content (r=-0.779, P<0.001) 
and soluble NSP content (r=-0.606, P<0.01). The ADF and lignin content negatively 
correlated to soluble NSP (r=-0.683, P<0.01; r=-0.747, p<0.001, respectively). Free 
sugar content negatively correlated to soluble NSP content (r=-0.831, P<0.001). The 
negative correlation between CP and total starch has been observed previously in wheat 
(r=-0.555) (Metayer et al., 1993; Choct et al., 1999), barley (r=-0.524), maize (r=-
0.636), rye (r=-0.817), triticale (r=-0.592) and sorghum (r=-0.750) (Metayer et al., 
1993). However, reports in the literature for correlation between mono or 
polysaccharides, such as soluble NSP, and other components are scarce.  
 
A significant correlation (r
2=0.67, P=0.002) between FDS and faecal DE content in 
barley was reported in a pig study (Zarrinkalam et al., 2001). In the current study, FDS 
content negatively correlated to ADF, total and insoluble NSP (P<0.05, P<0.05, and 
P<0.01, respectively). Arabinose branching from the O2 and O3 positions of the xylose 
backbone is thought to disturb close packing between the polysaccharide polymer 
chains of the xylose backbone (Bacic and Stone, 1981),
 and greater degree of arabinose 
branching was shown to increase nutrient utilisation in pigs (Kim et al., 2001). 
 
In the current study, interestingly, the ratio of total, insoluble and soluble arabinose to 
xylose negatively correlated to soluble NSP content (P<0.05 ~ P<0.001), suggesting a 
relative increase in arabinose content of arabinoxylan associated with decreased soluble 
NSP content in wheat. However, the arabinose branching index (arabinose to xylose 
ratio) did not correlate to the in vitro extract viscosity of wheat, rather the absolute 
amount of soluble NSP was positively correlated to viscosity of wheat (r=0.486, 
P<0.05). A significant positive relationship between in vitro extract viscosity and 
soluble NSP has been observed previously in wheat (Rose et al., 2001). 
 
3.3.2 Effect of variety and rainfall zone on chemical composition of 
wheat  
The chemical composition for wheats harvested in 1999 and 200 is presented in Tables 
3.3 and 3.4, respectively. No interactions between variety and rainfall zone were found. 
The wheats grown in year 1999 showed significant varietal effects for FDS (P<0.001), 
ADF (P<0.01), total NSP (P<0.05), insoluble NSP (P<0.05) and in vitro extract 
viscosity (P<0.05). The ASWN wheat Arrino contained lower FDS, and higher ADF, Chapter 3. Chemical composition of wheat 
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total NSP and insoluble NSP contents, and a higher in vitro extract viscosity, compared 
to the APW wheats Stiletto and Westonia. Interestingly, the variety of wheat had a 
significant effect on fibre structure, such as the arabinose to xylose ratio and the ratio 
between total, insoluble and soluble NSP. The ASWN wheat Arrino showed a greater 
arabinose branching index (arabinose: xylose ratio) compared to the APW wheats.  
 
The rainfall zone had a minor effect on the chemical composition of wheat in both 
years. However, when pooled data (2-year data) were used in the correlation study, 
annual precipitation level (mm) showed a marked influence on physical characteristics 
and chemical composition of wheats. Bushel weight was negatively correlated to annual 
precipitation level (r=-0.687, P<0.01). An inverse correlation between drought 
conditions and grain weight has been reported previously (Coles et al., 1997; 
Fernandez-Figares et al., 2000; Ahmadi and Barker, 2001). In a study by Coles et al. 
(1997), drought conditions were positively correlated to the arabinoxylan content of 
wheat. In the current study, annual rainfall negatively correlated to CP (r=-0.631, 
P<0.01) and positively correlated to total starch content (r=0.526, P<0.05). Also, ADF 
(r=-0.687, P<0.01), lignin (r=-0.863, P<0.001), soluble NSP (r=0.826, P<0.001) and 
free sugar contents (r=-0.795, P<0.001) were significantly correlated to annual 
precipitation levels, indicating the importance of precipitation levels to carbohydrate 
composition of wheat. 
 Chapter 3. Chemical composition of wheat 
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Table 3.3. Chemical composition
A of three varieties of wheat (Year 1999) grown in three different rainfall zones (% Dry matter)  
          V a r i e t y                 
   Arrino        Stiletto        Westonia    Pooled  Pooled  Statistics
B 
Rainfall  zone  High  Medium Low   High Medium Low   High Medium Low  Mean  SEM  Variety  Rainfall  Zone 
Physical characteristics                         
Bushel weight (kg/hl)  74.2  70.0  82.0    73.6 78.8 84.0    79.0 77.0 81.0 77.73  1.49  NS  0.067 
Screenings  (%)  1.0 1.50 5.10    0.00 7.10 1.60    6.10 3.10 4.30 3.31  0.82  NS  NS 
Chemical composition (%)                         
Dry  matter  89.05  89.96 90.64    90.31 90.33 90.28    89.47 89.53 90.58 90.02  0.18  NS  NS 
Crude  protein  11.98  13.87  10.29  14.91  11.17  9.75   10.88  11.00  11.91  15.75  0.56  **  NS 
Gross Energy (MJ/kg DM)   20.55  20.97  20.39    20.27  19.78  19.82    19.61  19.68  19.11  20.02  0.19  NS  NS 
Total  starch  68.41  65.54 73.70    63.78 64.72 66.25    66.25 66.85 67.56 67.01  0.96  NS  NS 
Fast Digestible Starch  26.77  25.44  28.01    36.56 40.64 42.58    38.97 37.83 35.56 34.71  2.12  ***  NS 
Amylose  23.31  20.65 19.36    20.61 21.02 21.73    26.34 20.83 22.61 21.83  0.69  NS  NS 
Amylopectin  45.10  44.89 54.34    43.17 43.70 44.52    39.91 46.02 44.95 45.18  1.29  NS  NS 
Amy/Ap  ratio  0.49  0.44 0.34    0.45 0.46 0.46    0.62 0.43 0.48 0.46  0.02  NS  NS 
NDF  16.06  15.78 16.00    18.93 15.17 15.06    15.76 15.97 14.90 15.96  0.40  NS  NS 
ADF  4.04  3.89 3.64    3.21 3.10 2.99    3.80 3.91 3.64 3.58  0.13  **  NS 
Lignin  1.01  1.11 0.99    0.78 0.89 0.89    0.89 1.01 1.10 0.96  0.04  0.067  NS 
Total  NSP  10.31  10.52  9.44  9.39  8.47  8.36  9.33  8.89  8.63  9.26  0.26  *  NS 
Arabinose  3.37  3.53 3.10    2.94 2.58 2.57    2.38 2.77 2.77 2.89  0.13  *  NS 
Xylose  4.09  4.19 3.69    4.23 3.70 3.55    3.97 3.69 3.54 3.85  0.09  NS  * 
Arabinoxylan  7.46  7.72 6.79    7.17 6.28 6.12    6.35 6.46 6.31 6.74  0.19  0.072  NS 
Ara/Xyl  ratio  0.82  0.84 0.84    0.70 0.70 0.72    0.60 0.75 0.78 0.75  0.03  0.055  NS 
Insoluble  NSP  9.03  9.12 8.24    8.16 7.13 7.06    7.95 7.61 7.41 7.97  0.25  *  NS 
Arabinose  2.97  3.06 2.73    2.57 2.19 2.20    2.44 2.39 2.40 2.55  0.10  **  NS 
Xylose  3.63  3.65 3.25    3.71 3.18 3.03    3.41 3.23 3.09 3.35  0.09  NS  0.062 
Arabinoxylan  6.60  6.71 5.98    6.28 5.37 5.23    5.85 5.62 5.49 5.90  0.18  NS  NS 
Ara/Xyl  ratio  0.82  0.84 0.84    0.69 0.69 0.73    0.72 0.74 0.78 0.76  0.02  **  NS 
Soluble  NSP  1.28  1.41 1.20    1.23 1.34 1.30    1.38 1.28 1.23 1.29  0.02  NS  NS 
Arabinose  0.40  0.47 0.36    0.37 0.39 0.36    0.39 0.38 0.37 0.39  0.01  NS  NS 
Xylose  0.46  0.55 0.44    0.52 0.52 0.52    0.56 0.46 0.46 0.50  0.02  NS  NS 
Arabinoxylan  0.86  1.02 0.80    0.89 0.91 0.88    0.95 0.84 0.83 0.89  0.02  NS  NS 
Ara/Xyl  ratio  0.87  0.85 0.82    0.71 0.75 0.69    0.70 0.83 0.80 0.78  0.02  *  NS 
Total  NSP/Insoluble  NSP 0.88  0.87 0.87    0.87 0.84 0.84    0.85 0.86 0.86 0.86  0.01  0.078  NS 
Total NSP/Soluble NSP  0.12  0.13  0.13    0.13  0.16  0.16  0.15  0.14  0.14  0.14  0.01  0.082  NS 
Insoluble NSP/Soluble NSP  0.14  0.15  0.13    0.15 0.19 0.18    0.17 0.17 0.17 0.16  0.01  0.083  NS 
Free  sugars  1.41  1.26 1.38    1.43 1.12 1.43    1.42 1.31 1.32 1.34  0.03  NS  * 
In vitro viscosity (cp)  14.80  20.20  17.25    9.34  12.05  13.05    12.50  12.95  14.45  14.07  1.05  *  NS 
ACrude protein (Nx5.83), NDF: Neutral Detergent Fibre, ADF: Acid Detergent Fibre 
BNS: not significant, *P<0.05, **P<0.01, ***P<0.001 Chapter 3. Chemical composition of wheat 
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Table 3.4. Chemical composition
A of three varieties of wheat (Year 2000) grown in three different rainfall zones (% Dry matter)  
          V a r i e t y                 
   Arrino        Stiletto        Westonia    Pooled  Pooled  Statistics
B 
Rainfall  zone  High  Medium Low   High Medium Low   High Medium Low  Mean  SEM  Variety  Rainfall  Zone 
Physical characteristics                         
Bushel weight (kg/hl)  88.14  89.53  86.80    92.77 87.29 91.02    88.50 84.88 84.01 88.10  0.93  NS  NS 
Screenings  (%)  0.83  1.42 3.57    2.49 3.13 1.57    3.37 7.26 8.68 3.59  0.89  *  NS 
Chemical composition (%)                        N S  
Dry  matter  90.54  88.91 91.70    88.18 89.35 91.63    89.72 90.13 90.71 90.10  0.40  NS  NS 
Crude  protein  17.39  13.57 14.24    11.90 19.12 15.97    12.41 13.65 16.24 14.95  0.80  NS  NS 
Gross Energy (MJ/kg DM)   20.38  19.53  19.94    18.90  19.90  20.24    20.21  20.65  19.94  19.97  0.17  NS  NS 
Total  starch  61.00  66.92 65.84    69.57 60.09 58.52    65.27 63.35 62.71 63.70  1.18  NS  NS 
Fast Digestible Starch  29.50  29.58  28.24    35.18 33.75 34.74    36.46 32.87 29.53 32.21  1.01  *  NS 
Amylose  23.77  21.91 23.30    23.09 24.75 23.99    23.38 25.49 22.64 23.59  0.36  NS  NS 
Amylopectin  37.23  45.01 42.54    46.48 35.34 34.53    41.89 37.86 40.07 40.11  1.40  NS  NS 
Amy/Ap  ratio  0.64  0.49 0.55    0.50 0.70 0.69    0.56 0.67 0.57 0.60  0.03  NS  NS 
NDF  16.86  16.46 15.12    12.99 17.42 15.57    15.01 17.27 16.83 15.95  0.48  NS  NS 
ADF  4.31  4.16 4.36    4.14 4.03 3.93    4.42 4.18 4.08 4.18  0.05  NS  NS 
Lignin  1.10  1.31 1.27    1.25 1.27 1.27    1.15 1.37 1.29 1.25  0.03  NS  * 
Total  NSP  8.04  8.93  11.06    7.83 9.12 8.30    9.53 9.44 9.10 9.04  0.32  NS  NS 
Arabinose  2.82  3.05 3.50    2.28 2.77 2.52    2.86 2.82 2.73 2.82  0.11  NS  NS 
Xylose  2.94  3.29 4.47    3.40 3.88 3.71    3.96 4.02 3.80 3.72  0.15  NS  NS 
Arabinoxylan  5.76  6.34 7.97    5.68 6.64 6.23    6.82 6.84 6.53 6.53  0.23  NS  NS 
Ara/Xyl  ratio  1.06  1.04 0.85    0.76 0.80 0.74    0.80 0.78 0.79 0.85  0.04  *  NS 
Insoluble  NSP  7.29  8.16  10.12    6.89 8.15 7.37    8.61 8.53 8.23 8.15  0.32  NS  NS 
Arabinose  2.56  2.82 3.21    2.01 2.49 2.24    2.59 2.54 2.44 2.54  0.11  0.052  NS 
Xylose  2.69  3.08 4.17    3.10 3.58 3.38    3.66 3.71 3.50 3.43  0.14  NS  NS 
Arabinoxylan  5.25  5.90 7.39    5.11 6.06 5.62    6.25 6.25 5.94 5.97  0.22  NS  NS 
Ara/Xyl  ratio  1.05  1.03 0.84    0.74 0.78 0.72    0.79 0.76 0.77 0.83  0.04  *  NS 
Soluble  NSP  0.70  0.76 0.94    0.94 0.98 0.93    0.92 0.92 0.87 0.89  0.03  NS  NS 
Arabinose  0.26  0.23 0.29    0.26 0.28 0.28    0.27 0.29 0.29 0.27  0.01  NS  NS 
Xylose  0.25  0.21 0.30    0.30 0.30 0.33    0.30 0.31 0.30 0.29  0.01  0.075  NS 
Arabinoxylan  0.51  0.45 0.58    0.56 0.58 0.61    0.57 0.59 0.59 0.56  0.02  NS  NS 
Ara/Xyl  ratio  1.13  1.24 1.05    1.00 1.02 0.94    1.02 1.04 1.06 1.06  0.03  0.054  NS 
Total  NSP/Insoluble  NSP 0.91  0.91 0.92    0.88 0.89 0.89    0.90 0.90 0.90 0.90  0.01  **  NS 
Total NSP/Soluble NSP  0.09  0.09  0.08    0.12 0.11 0.11    0.10 0.10 0.10 0.10  0.01  ***  NS 
Insoluble NSP/Soluble NSP  0.10  0.09  0.09    0.14 0.12 0.13    0.11 0.11 0.11 0.11  0.01  ***  NS 
Free  sugars  1.81  1.96 2.27    1.76 2.12 2.11    1.91 1.70 1.98 1.96  0.06  NS  NS 
In vitro viscosity (cp)  10.90  11.60  17.10    9.00  9.08  12.70    8.24  10.00  10.40  11.00  0.89  NS  NS 
ACrude protein (Nx5.83), NDF: Neutral Detergent Fibre, ADF: Acid Detergent Fibre 
BNS: not significant, *P<0.05, **P<0.01, ***P<0.001 
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3.3.3 Effect of growing season on chemical composition  
Growing season (ie, 1999 or 2000) strongly influenced both physical and chemical 
characteristics (Table 3.5).  
 
Table 3.5. Effect of growing season on change in chemical composition of wheat
A. 
Growing season  1999  2000    Statistics
B 
Physical characteristics        
Bushel weight (kg/hl)  77.73 (1.49)  88.10 (0.93)    *** 
Screenings (%)  3.31 (0.82)  3.59 (0.89)    NS 
Chemical composition (%)        
Dry matter  90.02 (0.18)  90.10 (0.40)    NS 
Crude protein  11.75 (0.56)  14.95 (0.80)    ** 
Gross Energy (MJ/kg DM)   20.02 (0.19)  19.97 (0.17)    NS 
Total starch  67.01 (0.96)  63.70 (1.28)    * 
Fast Digestible Starch  34.71 (2.12)  32.21 (1.01)    NS 
Amylose  21.83 (0.69)  23.59 (0.36)    * 
Amylopectin  45.18 (1.29)  40.11 (1.40)    * 
Amy/Ap ratio  0.46 (0.02)  0.60 (0.03)    ** 
NDF  15.96 (0.40)  15.95 (0.48)    NS 
ADF  3.58 (0.13)  4.18 (0.05)    *** 
Lignin  0.96 (0.04)  1.25 (0.03)    *** 
Total NSP  9.26 (0.26)  9.04 (0.32)    NS 
Arabinose  2.89 (0.13)  2.81 (0.11)    NS 
Xylose  3.85 (0.09)  3.72 (0.15)    NS 
Arabinoxylan  6.74 (0.19)  6.53 (0.23)    NS 
Ara/Xyl ratio  0.75 (0.03)  0.85 (0.04)    0.062 
Insoluble NSP  7.97 (0.25)  8.15 (0.32)    NS 
Arabinose  2.55 (0.10)  2.54 (0.11)    NS 
Xylose  3.35 (0.09)  3.43 (0.14)    NS 
Arabinoxylan  5.90 (0.18)  5.97 (0.22)    NS 
Ara/Xyl ratio  0.76 (0.02)  0.83 (0.04)    NS 
Soluble NSP  1.29 (0.02)  0.88 (0.03)    *** 
Arabinose  0.39 (0.01)  0.27 (0.007)    *** 
Xylose  0.50 (0.01)  0.29 (0.01)    *** 
Arabinoxylan  0.89 (0.02)  0.56 (0.02)    *** 
Ara/Xyl ratio  0.78 (0.02)  1.06 (0.03)    *** 
Total NSP/Insoluble NSP  0.86 (0.005)  0.90 (0.004)    *** 
Total NSP/Soluble NSP  0.14 (0.005)  0.10 (0.004)    *** 
Insoluble NSP/Soluble NSP  0.16 (0.006)  0.11 (0.006)    *** 
Free sugars  1.34 (0.034)  1.96 (0.06)    *** 
In vitro viscosity (cp)  14.07 (1.05)  11.00 (0.89)    * 
AMean (±SE) of 9 wheat samples on a dry matter basis. 
BNS: not significant; *P<0.05; **P<0.01; ***P<0.001 Chapter 3. Chemical composition of wheat 
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Bushel weight (P<0.001), CP (P<0.01), ADF (P<0.001), lignin (P<0.001) and free sugar 
contents (P<0.001) were higher, while total starch (P<0.05), soluble NSP (P<0.001) and 
in vitro extract viscosities (P<0.05) were lower, in wheats in 2000 compared to 1999. 
The amylose: amylopectin ratio (P<0.01) was changed due to a decrease in amylopectin 
content, and the ratio between total, insoluble and soluble NSP contents (P<0.001) were 
significantly changed due to the increase in insoluble NSP content and decrease in 
soluble NSP content in wheat in 2000. The significant effect of growing season on the 
content of CP, and total, insoluble and soluble NSP content (P<0.01) was reported in a 
survey of 81 Australian wheats (Choct et al., 1999).  
 
The significant seasonal effect on CP, total starch and NSP content found in the present 
study is in general agreement to previously reported results in wheat (Metayer et al., 
1993; Choct et al., 1999). 
 
The changes in chemical compositions due to growing season were determined and 
subjected to correlation analysis (Figure 3.1, Appendix 3). The most significant 
correlation was found for the change in crude protein and change in total starch contents 
(r=-0.779, P<0.001). The competitive accumulation of proteins and carbohydrates 
during the growth of triticale was reported previously, in which an increase of 1 mg/day 
in carbohydrate accumulation was associated with a decrease of 0.76 mg/day in protein 
accumulation (Fernandez-Figares et al., 2000; Garcic del Moral et al., 1995). 
Fernandez-Figares et al. (2000) suggested that the inverse relationship between protein 
and starch accumulation could be responsible for the negative relationship between 
grain yield and grain protein content found in triticale (Garcia del Moral et al., 1995), 
wheat (Jenner et al., 1991; Simmonds, 1995) and barley (Evans and Wardlaw, 1976; 
Simmonds, 1995). 
 
In the present study, a significant inverse relationship (r=-0.668, P<0.05) was found 
between the change in crude protein content and change in bushel weight over the two 
growing seasons, supporting this preposition (Figure 3.1). In the present study, the 
change in bushel weight was positively correlated to a change in total starch content 
(r=0.733, P<0.05) and negatively correlated to change in total NSP (r=-0.842, P<0.01) 
and insoluble NSP (r=-0.839, P<0.01). Bushel weight was also negatively correlated to 
soluble NSP content (r=-0.812, P<0.001). These findings suggest that lighter wheat 
grain may contains less starch, more protein, and more total-, insoluble- and soluble-Chapter 3. Chemical composition of wheat 
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NSP, which suggests bushel weight as a screening parameter to predict the carbohydrate 
composition of wheat. Consequently, several studies have attempted to find a 
correlation between bushel weight and the energy content in wheat. However, the 
majority of studies have failed to demonstrate such a relationship in pigs (Anderson and 
Bell, 1983; Zijlstra et al., 1999; Wiseman, 2000), although one rat (r=-0.59, P<0.05, 
Bhatty et al., 1974) and one pig study (r=-0.59, P<0.05, Batterham et al., 1980)
 showed 
associations. Therefore, care must be taken when bushel weight is being used as a 
predictor of the nutritive value of wheat. 
 
The change in in vitro extract viscosity was positively correlated to the change in ADF 
(P<0.05), and soluble NSP (P<0.01) contents, and negatively correlated to total and 
soluble arabinose to xylose ratio (P<0.05). 
 
3.3.4 Effect of storage on chemical composition  
Considerable interest of late has been given to changes in chemical composition of 
cereal grains and nutritive value associated with storage. An increased free sugar 
content and decreased starch content were found with storage of wheat (Jood et al., 
1993; Rehman and Shah, 1999). Storage for approximately 4 months (Choct and 
Hughes, 1997; Ravindran et al., 2001) and 6 to 12 months (Choct and Hughes, 1999) 
improved the apparent metabolisable energy and apparent ileal energy content of wheat 
in chickens, respectively. The activation of endogenous glycanases was proposed as a 
possible mechanism. In the present study the storage of wheat for 6 months significantly 
decreased soluble NSP (P<0.01), ADF (P<0.05) and lignin contents (P<0.01) and 
increased free sugar content (P<0.001). Also, a marginal decrease in the total starch 
content of stored wheat was observed (3%, P>0.05) (Table 3.6). The underlying 
mechanism for improved nutritive value of stored wheat in chickens is not clear and yet 
to be investigated fully. However, findings in the present study, such as a decreased 
soluble NSP content during storage, may partly explain the improvement of nutritive 
value when fed to chickens because of the strong anti-nutritive effect soluble NSP has in 
chicken diets (Choct and Annison, 1992). 
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Figure 3.1. Relationship between change in chemical and physical characteristics in 9 wheat samples 
over two growing seasons (selected) 
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Table 3.6. Effect of storage (1 or 6 months) on chemical composition of wheat
A grown in Western 
Australia in 1999 
Storage
C No  (n=9)  Yes  (n=9)  Statistics
B 
Physical characteristics      
Bushel weight (kg/hl)  77.73 (1.49)  76.78 (1.60)  NS 
Screenings (%)  3.31 (0.82)  3.32 (0.81)  NS 
Chemical composition (%)      
Dry matter  90.02 (0.18)  89.07 (0.34)  * 
Crude protein  11.75 (0.56)  11.72 (0.60)  NS 
Gross Energy (MJ/kg DM)   20.02 (0.19)  20.27 (0.07)  NS 
Total starch  67.01 (0.96)  64.86 (0.94)  NS 
Fast Digestible Starch  34.71 (2.12)  31.35 (0.71)  NS 
Amylose  21.83 (0.69)  19.48 (0.48)  * 
Amylopectin  45.18 (1.29)  45.38 (0.89)  NS 
Amy/Ap ratio  0.46 (0.02)  0.43 (0.01)  NS 
NDF  15.96 (0.40)  15.90 (0.50)  NS 
ADF  3.58 (0.13)  3.18 (0.13)  * 
Lignin  0.96 (0.04)  0.76 (0.05)  ** 
Total NSP  9.26 (0.26)  9.34 (0.48)  NS 
Arabinose  2.89 (0.13)  2.83 (0.16)  NS 
Xylose  3.85 (0.09)  3.79 (0.21)  NS 
Arabinoxylan  6.74 (0.19)  6.62 (0.36)  NS 
Ara/Xyl ratio  0.75 (0.03)  0.75 (0.02)  NS 
Insoluble NSP  7.97 (0.25)  8.24 (0.46)  NS 
Arabinose  2.55 (0.10)  2.47 (0.15)  NS 
Xylose  3.35 (0.09)  3.33 (0.20)  NS 
Arabinoxylan  5.90 (0.18)  5.80 (0.34)  NS 
Ara/Xyl ratio  0.76 (0.02)  0.74 (0.02)  NS 
Soluble NSP  1.29 (0.02)  1.12 (0.04)  ** 
Arabinose  0.39 (0.01)  0.36 (0.02)  NS 
Xylose  0.50 (0.01)  0.45 (0.02)  NS 
Arabinoxylan  0.89 (0.02)  0.82 (0.04)  NS 
Ara/Xyl ratio  0.78 (0.02)  0.80 (0.02)  NS 
Total NSP/Insoluble NSP  0.86 (0.005)  0.88 (0.05)  ** 
Total NSP/Soluble NSP  0.14 (0.005)  0.12 (0.05)  ** 
Insoluble NSP/Soluble NSP  0.16 (0.006)  0.14 (0.07)  * 
Free sugars  1.34 (0.034)  1.97 (0.05)  *** 
In vitro viscosity (cp)  14.07 (1.05)  19.36 (1.11)  ** 
AMean (±SE) of 9 wheat samples on a dry matter basis. 
BNS: not significant; *P<0.05; **P<0.01; ***P<0.001 
CWheats were stored in sealed metal-sided bins in a grain shed at ambient temperature for 6 months 
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3.4 Conclusion 
 
The present study highlighted the wide variation in the chemical composition of wheats 
grown in Western Australia. In particular, the finding that the crude protein content was 
inversely associated with total starch content might have implications for plant breeding 
programmes in relation to animal nutrition. The amount of total and insoluble NSP and 
the arabinose to xylose ratio were influenced by variety of wheat, while soluble NSP 
was changed by environmental factors such as annual rainfall and growing seasons. A 
positive relationship between soluble NSP and in vitro extract viscosity confirms this 
component as a potentially viscous-producing material in the gut of monogastric 
animals. The variety, growing season, precipitation level and storage of wheat 
influenced the variation of chemical composition of wheat in the current study, 
suggesting that greater accountability of these factors is required when assessing the 
nutritive value of wheats for use in monogastric animal diets. 
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Abstract An experiment was conducted to examine the digestible energy (DE) content for weanling pigs 
in a cohort of wheats grown in Western Australia, and to establish relationships between DE content and 
their chemical composition. The 3x3x2 factorial experiment examined the wheat variety (Arrino, Stiletto 
and Westonia), growing location (high, medium and low rainfall zone) and harvest year (1999 and 2000). 
Pigs (n=5 per diet) aged approximately 28 days were fed a diet at 5% live weight containing 90% of each 
wheat and acid insoluble ash marker for 10 days, with samples of faeces collected from each pig for the 
final five days. The average live weight of pigs was 6.6 kg (SD 0.77). The range in DE content of wheats 
harvested in 1999 differed by up to 1.3 MJ/kg, while wheats harvested in 2000 differed by up to 1.8 
MJ/kg. When the two years’ data were combined, the DE content ranged from 12.5 to 14.4 MJ/kg. Both 
the variety and growing region significantly influenced (P<0.05, P<0.001, respectively in year 1999; 
P<0.001, P<0.01, respectively in year 2000) the DE content of wheat. Also, DE content of wheat differed 
significantly due to growing season (P<0.001). Correlation studies between chemical composition and DE 
content of the wheats found significant inverse relationships between DE content and total xylose (r=-
0.719, P<0.05), insoluble xylose (r=-0.742, P<0.05), NDF (r=-0.839, P<0.01), total-P (r=-0.833, P<0.01), 
and phytate-P (r=-0.753, P<0.05) contents with the wheats harvested in 1999. However, such 
relationships were not significant (P>0.05) with the wheats harvested in 2000. In addition, the 
precipitation level (mm) during the growing season of wheats was strongly correlated (r=-0.821, P<0.01) 
to the DE content of wheat in year 1999, but was not correlated in 2000. The results indicate that the 
genetic and environmental conditions during the growth of wheat have a significant impact on the 
utilization of plant energy in weaner pigs, and that greater attention needs to be paid to these influences in 
the assignment of energy values for wheats fed to weaner pigs. Chapter 4. Digestible energy content of wheat 
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4.1 Introduction 
Cereals such as wheat are the primary source of energy in diets for young pigs in many 
countries. The amount of energy in wheat digested by pigs and made available for 
maintenance and growth is not constant due mainly to its variable chemical 
composition. The wide variation in energy digestibility has been reported previously in 
wheat-based diets in pigs (Anderson and Bell, 1983; Ziljstra et al., 1999), and is known 
to be affected by digestible carbohydrates such as starch and soluble fibre in chickens 
(Rogel  et al., 1987), and often by the amount of non-digestible carbohydrate 
components such as insoluble non-starch polysaccharides (NSP). This is because these 
NSP can exhibit anti-nutritional properties when included in young pig diets (Choct and 
Cadogan, 2001). 
 
It is recognised that the variety (Anderson and Bell, 1983), growing region (Dusel et al., 
1997) and growing season (Anderson and Bell, 1983; Choct et al., 1999
a) influence both 
the chemical composition and digestible energy content of wheat for growing pigs 
(Taverner and Farrell, 1981; Zijlstra et al., 1999). In contrast, very little information is 
available concerning the nutritive value of wheat for young (weanling) pigs, which 
could be expected to differ from growing pigs because of their immature digestive tract 
and underdeveloped microflora that could result in the extraction of less energy (Pluske 
et al., 2001). Furthermore, there is a lack of simultaneous information on the digestible 
energy (DE) content of wheat for young pigs as affected by variety, growing 
environment and season. Such information is necessary for accurate diet formulation 
and efficient utilisation of nutrients. 
 
The purposes of the current study were to: (1) quantify the variation in DE content of 
wheat according to its variety and growing region over two growing seasons, and (2) 
establish correlations between DE content and chemical composition of wheats grown 
in South-Western Australia. The hypothesis tested in this experiment was that the DE 
content of wheat will vary due to its variety, growing region and season. 
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4.2 Materials and Methods 
4.2.1 Experimental design  
A 3x3x2 factorial experiment was conducted with the respective factors being wheat 
variety [Arrino: Australian Standard White Noodle wheat (ASWN); Stiletto, and 
Westonia: Australian Premium White wheats (APW)], growing regions in south-
western Australia [wheat grown in (1) High rainfall area, more than 450 mm annual 
precipitation; (2) Medium rainfall area, between 325 ~ 450 mm annual precipitation, 
and (3) Low rainfall area, less than 325 mm annual precipitation], and 2 growing 
seasons (1999 and 2000). The chemical compositions and DE content of the 9 wheat 
samples harvested in year 1999 were assayed within 1 month after harvest. The same 
experimental protocol was followed with the wheat harvested in year 2000 to examine 
the seasonal variation of DE content. The wheats used in this experiment were the same 
wheats used in Chapter 3. This experiment was approved by the Murdoch University 
Animal Ethics Committee and the Animal Ethics and Experimentation Committee of 
the WA Department of Agriculture. 
 
4.2.2 Feeding and sample collection 
Forty-five male pigs (Large White x Landrace) in each year weaned at approximately 
21 days of age were obtained one week after weaning from a commercial supplier 
(Wandalup Farms, Mandurah, WA). The average live weight of pigs was 6.4 kg (SD 
0.72) for the feeding trial with wheats harvested in 1999, and 6.7 kg (SD 0.80) for the 
trial with wheats harvested in 2000. Pigs were transported from the supplier to the 
Medina Research Centre. Upon arrival, the pigs were kept in individual wire-mesh 
floored metabolism crates in a metabolism room where the temperature was maintained 
as constant as possible (27 ± 1°C). Water was freely accessible during the whole 
experiment through a nipple drinker set in each crate. The pigs were weighed and 
randomly allocated in the room to each treatment (n=5 per treatment, completely 
random) according to their live weight. From the time of arrival, the pigs were offered 
their respective experimental diet for a 5-day adaptation period where the amount of 
feed was restricted to 5% of live weight (about 90% of ad libitum). The diets were 
offered twice daily at 0800 and 1600 h. The diet composition is presented in Table 4.1. 
After 5 days adaptation, the pigs were re-weighed and the feeding level adjusted to the 
appropriate amount. Pigs were fed for a further 5 days, in which faecal samples were 
collected at 0800, 1000, 1200, 1400, 1600 h and then kept at –20 ºC. The faecal samples Chapter 4. Digestible energy content of wheat 
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were later thawed, mixed, freeze-dried and ground through a laboratory hammer mill (1 
mm screen) prior to chemical analysis.  
 
Table 4.1 The composition of the experimental diet fed to weaner pigs (g/kg, air-dry basis) 
Ingredients Diet 
Test Wheat    900 
Canola oil  43.7 
Dicalcium phosphate  30.0 
Salt 2.8 
Vitamin & Mineral mix
† 2.5 
Choline chloride  1.0 
Celite (Acid insoluble ash marker)  20.0 
Calculated nutrient composition: DE: 14.6 MJ/kg, CP: 12.2%, Lysine:3.5 g/kg, Ca: 0.4 g/kg, P: 3.1 g/kg.  
†Hogro Bronze Weaner and Grower (Rhone-Poulenc Animal Nutrition Pty Ltd., Queensland, Australia). Provided the following 
nutrients per kg of air-dry diet: 
Vitamins: A 1500 IU, D3 300 IU, E 37.5 mg, K 2.5 mg, B1 1.5 mg, B2 6.25 mg, B6 3 mg, B12 37.5 µg, Calcium pantothenate 25 mg, 
Folic acid 0.5 mg, Niacin 30 mg, Biotin 75 µg.  
Minerals: Co 0.5 mg (as cobalt sulphate), Cu 25 mg (as copper sulphate), Iodine 1.25 mg (as potassium iodine), Iron 150 mg (as 
Ferrous sulphate), Mn 100 mg (as Manganous oxide), Se 0.5 mg (as Sodium Selenite), Zn 0.25 mg (as zinc oxide). 
 
4.2.3 Chemical analyses and DE content estimation 
Physical parameters such as screenings (%) and bushel weight (hectolitre weight, 
kg/hL) were measured using a method described by Metayer et al. (1993). The dry 
matter (DM), nitrogen (N), gross energy (GE), total starch, amylose, amylopectin, fast 
digestible starch, in vitro extract viscosity, neutral detergent fiber (NDF), acid detergent 
fiber (ADF), lignin, total Phosphorus (P), phytate-P, phytase activity and NSP content 
of each wheat were determined as described previously (Kim et al., 2003). The DM, 
GE, acid insoluble ash content of diet and faecal samples were determined for 
estimation of DE content of wheat. The GE content of wheat, diet, and faecal samples 
were determined using a Ballistic Bomb Calorimeter (SANYO Gallenkamp, 
Loughborough, UK). The acid insoluble ash (Celite
®) contents of diet and fecal samples 
were determined using the method described by Choct and Annison (1992). The DE 
content of wheat was determined with reference to the marker by subtracting the 
estimated DE contents of canola oil (36.2 MJ/kg, NRC, 1998) from the DE content of 
the diet. The annual precipitation level (mm) and precipitation level during the growing 
period were presented in Kim et al. (2002). 
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4.2.4 Statistics  
For DE content of wheat the treatment effects were assessed by analysis of variance for 
a factorial arrangement with the main effects being variety, growing region and growing 
season. The effects were considered as fixed effects in the model. Fisher’s Protected 
LSD comparisons were used (at 5% significance level) for comparison of DE value 
between mean values of different varieties and growing regions, and between different 
variety x region x season combinations. Pearson’s correlation analysis and stepwise 
regression analysis were used to examine the causes of DE content variation. All 
statistical analyses were conducted using the statistical package Minitab (Minitab Inc., 
PA, USA).  
 
4.3 Results 
 
4.3.1 Variation in DE content  
The variation in DE content of wheats is presented in Table 2. The DE content of 9 
wheats harvested in 1999 ranged from 12.5 to 13.8 MJ/kg (9.4 % difference), while the 
DE content of the 9 wheats harvested in year 2000 ranged from 12.6 to 14.4 MJ/kg 
(12.5% difference). Combining the data of the 18 wheats over the two seasons, the DE 
content varied by 1.9 MJ/kg (12.5 – 14.4 MJ/kg). 
 
4.3.2 Effect of variety and growing region on DE content  
The DE content of wheat harvested over two growing seasons is presented in Table 4.2. 
In 1999, the DE content was significantly influenced by variety (P<0.05) and growing 
region (P<0.001), but the interaction between variety and growing region was not 
statistically significant. Among wheat varieties, Westonia had the highest DE content 
and wheats contained more DE when grown in the medium or low rainfall regions 
compared to wheats grown in the high rainfall region. Similar to wheat harvested in 
1999, the DE content of wheats harvested in 2000 was significantly influenced by 
variety (P<0.001) and growing region (P<0.01), however, the interaction between 
variety and growing region was significant (P<0.001). The low DE content of Arrino 
grown in the high and medium rainfall region was responsible for this interaction 
(Figure 4.1). 
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Table 4.2. Effect of variety, growing region and growing season on DE content of WA wheat determined with 28-day-old male pigs
A 
 Season  1999  2000  Mean
C  SEM Minimum  Maximum  CV  (%)  Statistics
D 
Arrino 13.3  13.4  13.3
a 0.11 13.6  13.9  3.85  Source
E Significance 
Stiletto 13.2 13.5  13.3
ab 0.12  12.5  14.0  4.15  V  *** 
Variety 
Westonia 13.6  14.2  13.9
bc 0.11  13.4  14.4  2.63  GR  *** 
High 12.9  13.6  13.2
a 0.13 12.5  14.1  4.72  S  *** 
Medium 13.6  13.5 13.5
b 0.12 12.6  14.2  3.90  VxGR  *** 
Growing region 
(rainfall zone)
B 
Low 13.7  14.1  13.9
c 0.09 13.5  14.4  2.27  VxS  NS 
Mean
C  13.3
a 13.7
b 13.5  0.07  12.5  14.4 3.81  GrxS  ** 
SEM 0.09  0.10  0.07          VxGRxS  ** 
Minimum 12.5  12.6  12.5             
Maximum 13.8  14.4  14.4             
CV(%) 3.40  4.39  3.81             
AValues are DE content (LS mean, air-dry basis) determined from 15 pigs. 
BHigh rainfall area: >450 mm annual precipitation; medium rainfall area: 325 - 450 mm annual precipitation, and low rainfall area: <325 mm annual precipitation, (The Crop Variety Sowing Guide for Western Australia 
2000). 
CValues with different superscripts within row or column are significantly different (α <0.05). 
DNS: not significant, *P<0.05, **P<0.01, ***P<0.001 
EV: variety, GR: growing region, S: season. 
For full DE content table see Apendix 5 
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Figure 4.1 Interaction plot for DE content of wheat (1999 and 2000) influenced by variety and 
growing region 
 
In 1999, Westonia (13.6 ±0.11 MJ/kg) contained 0.3 and 0.5 MJ/kg (P=0.013) more DE 
compared to Arrino (13.3 ±0.11 MJ/kg) and Stiletto (13.1 ±0.15 MJ/kg), respectively. 
Wheats grown in the low (13.7 ±0.08 MJ/kg, P<0.001) and medium rainfall regions 
(13.6 ±0.12 MJ/kg, P<0.001) had 0.9 MJ and 0.8 MJ/kg more DE compared to wheats 
grown in the high rainfall region (12.8 ±0.15 MJ/kg), respectively. Similar to the 1999 
cohort, the variety Westonia and wheat grown in the low rainfall region contained more 
DE in 2000. In 2000, Westonia (14.2 ±0.11 MJ/kg) contained 0.9 MJ (P<0.001) and 0.7 
Year 1999 
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MJ/kg (P<0.001) more DE compared to Arrino (13.3 ±0.18 MJ/kg) and Stiletto (13.5 
±0.15 MJ/kg), respectively. Wheats grown in the low rainfall region (14.1 ±0.11 MJ/kg) 
had 0.5 MJ (P<0.05) and 0.7 MJ/kg (P<0.01) more DE compared to wheats grown in 
the high (13.6 ±0.16 MJ/kg) and the medium rainfall regions (13.4 ±0.19 MJ/kg), 
respectively.  
 
Overall, growing season significantly influenced the DE content of wheat (P<0.001), 
with wheats harvested in year 2000 containing more DE than wheats harvested in 1999 
(13.7  vs. 13.3 MJ/kg, P<0.002). Wheats grown in the high rainfall region had a 
significantly higher DE content in 2000 (P<0.001) compared with 1999, but the change 
in DE contents of wheats grown in the medium and low rainfall region was not 
significant. Between varieties, Westonia (P<0.01) had a significantly higher DE content 
in year 2000, while Stiletto showed a marginally increased DE content (P=0.067) and 
Arrino did not change. The variety x growing region x season interaction effect was 
fitted following preliminary analysis. Specifically, when fitting a model that included 
the main effects (i.e., variety, growing region and season), together with all 2-, 3-way 
interactions, the variety x growing region x season interaction effect was a significant 
source of variation for DE content (P<0.01, Figure 4.2). The major source of seasonal 
interaction was the ASWN wheat Arrino grown in the medium rainfall region, which 
decreased DE content in year 2000 while other wheats increased DE content in year 
2000 compared to 1999. 
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A, S, W stand for Arrino, Stiletto, Westonia and H, M, L stand for high, medium, low rainfall regions 
Figure 4.2 Effect of growing season on DE content of wheat 
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4.3.3 Correlation study  
The chemical composition of 18 wheats harvested over two growing seasons were 
presented in Kim et al. (2003). The relationship between the DE content of wheat and 
their physical and chemical compositions were calculated based on these data. The 
correlation coefficients of variables for DE content of wheat harvested in year 1999 are 
presented in Table 4.3. Total xylose, insoluble xylose, NDF, precipitation level during 
the growing season, total-P and the phytate-P levels in wheat were negatively correlated 
to the DE content. However, correlation studies with the wheats harvested in 2000 did 
not show any significant relationship to the various measurements, except a positive 
correlation to GE (r=0.769, P=0.016), soluble arabinose (r=0.815, P=0.007) and soluble 
arabinoxylan (r=0.705, P=0.034). When the combined data (wheats harvested in 1999 
and 2000, n=18) were subjected to a correlation study, only total-P (r=-0.505, P=0.032) 
was significantly correlated to the DE content of wheats. 
 
Stepwise regression analysis was performed to find the factors contributing to the DE 
content of wheats harvested in 1999, and the results are presented in Table 4.4. The 
total-P content and insoluble xylose content were responsible for 70% and 16%, 
respectively, of the DE content of wheats. The significant contributors for DE content of 
wheats harvested in 2000 were soluble arabinose (68%), gross energy (8%), and 
precipitation level (7%). 
 
Table 4.3. Correlations between chemical composition (dry matter basis) and DE content (MJ/kg as 
is) of wheat (n=9) harvested in 1999
A 
 DE  T-xylose  I-xylose  NDF  PL  Total-P 
T-xylose  -0.719*        
I-xylose  -0.742*       0.988***         
NDF    -0.839**   0.682*    0.703*       
PL    -0.821**  0.653  0.648  0.592     
Total P    -0.833**  0.470  0.447      0.840**  0.628   
Phytate-P  -0.753*  0.357  0.312    0.694*    0.668*  0.964*** 
AAbbreviations used: DE: digestible energy (MJ/kg as is), T-xylose: total xylose (% DM), I-xylose: insoluble xylose (% DM), NDF: 
neutral detergent fibre (% DM), PL: precipitation level (mm) during the growing season, Total-P: total phosphorus (mg/100g). 
*P<0.05, **P<0.01, ***P<0.001 
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Table 4.4. Stepwise regression analysis of the chemical composition (dry matter basis) of 9 wheats 
harvested in 1999 versus the DE content (MJ/kg as is)
 A 
Step Variable  Partial  R
2 Regression  coefficient  SE  P 
1 Total-P  0.7047  -0.006  0.001  0.005 
2 PL  0.1621  -0.007 0.002  0.007 
AAbbreviations used: DE: digestible energy (MJ/kg as is), Total-P: total phosphorus (mg/100g DM), PL: precipitation level (mm) 
during the growing season. 
*P<0.05, **P<0.01, ***P<0.001 
 
4.3.4 Growth performance of pigs  
The growth performance of pigs is presented in Table 4.5.  
 
Table 4.5. Performance indices of weaner pigs fed WA wheats harvested over two seasons
A. 
  Daily gain (g)  Daily Feed Intake (g)  FCR (%) 
Growing region (rainfall 
zone)
B 
 Arrino   
High  86 (10.9)  303 (13.2)  4.3 (0.69) 
Medium  71 (7.8)  278 (21.9)  4.2 (0.34) 
Low  70 (7.7)  278 (11.8)  4.4 (0.46) 
   Stiletto   
High  80 (11.7)  310 (19.6)  4.3 (0.43) 
Medium  72 (12.4)  290 (26.6)  4.8 (0.66) 
Low  53 (4.8)  272 (15.2)  5.4 (0.53) 
   Westonia   
High  91 (27.6)  365 (32.6)  5.4 (1.32) 
Medium  72 (13.8)  298 (17.3)  4.8 (0.58) 
Low  54 (8.8)  275 (11.4)  5.9 (0.81) 
Pooled Mean  72 (3.9)  294 (6.5)  4.7 (0.21) 
Significance
C      
Source   Probability   
Variety (V)  *  NS  * 
Growing Region (GR)  NS  NS  NS 
Year (Y)  ***  *  *** 
VxL NS  NS  NS 
VxY *  NS  * 
LxY NS  NS  NS 
VxLxY NS  NS  NS 
AValues are mean (± SEM) of 10 pigs [5 pigs per wheat x 2 growing seasons = total 90 pigs]. 
BHigh rainfall area: >450 mm annual precipitation; medium rainfall area: 325 - 450 mm annual precipitation, and low rainfall 
area: <325 mm annual precipitation, (The Crop Variety Sowing Guide for Western Australia 2000). 
CNS: not significant, *P<0.05. 
 
The variety and growing region of wheats harvested in either 1999 or 2000 did not 
influence the performance of pigs, except a significant effect of growing region on daily 
growth (P<0.01). However, if the two-years data are combined, the variety of wheat Chapter 4. Digestible energy content of wheat 
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influenced daily growth and feed efficiency (P<0.05). Growing season significantly 
influenced daily gain (P<0.001), daily feed intake (P<0.05) and feed conversion ratio 
(FCR, P<0.01). None of the correlations between DE content of wheat and performance 
indices were significant. 
 
4.4 Discussion 
4.4.1 Variation in the DE content of wheats for weanling pigs  
The DE content of wheat, reviewed from the literature, range from 13.3 MJ/kg DM 
(Fuller  et al., 1989) to 17.0 MJ/kg DM (Kopinski, 1997; Zijlstra et al., 1999). 
Examination of the DE content in Canadian wheats showed a 2.4 MJ/kg DM difference 
(14.6 – 16.9 MJ/kg DM) between cultivars (Anderson and Bell, 1983). Most studies 
reported in the literature show a 1 to 1.5 MJ/kg difference (Bowland, 1974; Batterham 
et al., 1980; Taverner and Farrell, 1981; Wiseman et al., 1982; Zijlstra et al., 1999; 
Wiseman, 2000). In the current study, a 1.3 MJ/kg (as is) difference in wheats harvested 
in 1999 and a 1.8 MJ/kg (as is) differences in wheats harvested in 2000 was observed. 
These results concur with most other studies reported previously (Wiseman et al., 1982; 
Zijlstra et al., 1999; Wiseman, 2000), and indicate the wide variation in DE content that 
exists for wheats fed to weaner pigs in Western Australia.  
 
However, the DE content may differ if the wheats are fed to grower or finisher pigs as 
they have relatively a less developed endogenous enzyme and digestive systems 
compared to weanling pigs (Pluske et al., 2001). For example, the DE values of wheats 
reported in the literature ranged from 14.6 to 16.9 MJ/kg DM (n=24) in 40 kg pigs 
(Anderson and Bell, 1983), from 15.6 to 17.0 MJ/kg DM (n=15) in 40 kg pigs (Zijlstra 
et al., 1999), from 15.1 to 16.4 MJ/kg DM (n=8) in 25 kg pigs (Wiseman et al., 1982), 
and from 14.6 to 16.1 MJ/kg DM (n=16) in 25 kg pigs (Wiseman, 2000), while the DE 
value in the current study ranged from 13.8 to 15.8 MJ/kg DM (n=18) in 6 kg pigs, 
which is approximately 1 MJ/kg DM less extraction of energy from a given wheat-
based diet. Although the cross-comparisons between different studies may not be valid 
due to the variable experimental conditions, such as use of marker and different sample 
collection methods, the observation that live weight of pigs is positively related to the 
digestibility coefficient of energy (Roth and Kirchgessner, 1984; Bell and Keith, 1989) 
may support the lower DE values observed in the current study. Development of 
increased digestive capacity of pigs with increasing live weight has been reported Chapter 4. Digestible energy content of wheat 
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(Cunningham et al., 1962; Kass et al., 1980; Fernandez et al., 1986). Nielsen (1962, 
cited in Fernandez et al., 1986) observed that the small intestine continued to develop 
until the pig’s live weight reached 20kg, while the hindgut was still growing at 150kg. It 
is likely that the increase in the age of pigs might enhance development of digestive and 
absorptive capacity in the small intestine and elevate colonisation of carbohydrate-
degrading microorganisms in the large intestine, which results in older pigs being able 
to extract more energy from wheat-based diets (Just 1982
a,b; Just et al., 1983; Fernandez 
et al., 1986). 
 
4.4.2 Effects of variety and growing region on DE content of wheat  
Since different varieties of wheats and wheats grown in different geographical locations 
contain variable levels of nutrients such as starch, protein, and fiber (Batterham et al., 
1980; Zijlstra et al., 1999), these two factors have long been recognized as major factors 
influencing wheat DE content in pigs. Bhatty et al. (1974) found that soft wheat 
varieties contained higher starch, amylose, GE and DE contents than hard wheat 
varieties. The influence of variety on variation in DE content of wheat was well studied 
with Canadian wheats (Anderson and Bell, 1983). In this particular study, different 
varieties of wheats grown at a single site and harvested in the same year were fed to 40-
kg pigs, and a 2.3 MJ/kg DM difference in DE content caused solely by variety was 
observed. Wheats collected from different locations in Australia also demonstrated the 
associations between climatic conditions in different growing sites and the energy 
content of the wheats when fed to broiler chickens (Choct et al., 1999
a). In the current 
study, variety and growing region significantly influenced the DE content of wheats 
harvested in 1999. Also, a significant variety x growing region interaction (P<0.001) 
was observed in wheats harvested in year 2000. Generally, the wheat variety Westonia 
(APW wheat) and wheats grown in low rainfall regions contained higher DE contents 
than other wheats and growing regions. 
 
4.4.3 Relationship between chemical characteristics of wheats and DE 
content  
A number of significant correlations between chemical characteristics of wheats and 
their DE content were established with wheats harvested in year 1999. However, the 
relationships with wheats harvested in year 2000 were not significant. This discrepancy 
may partly be explained from the significant change in chemical composition between Chapter 4. Digestible energy content of wheat 
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the two seasons (see Kim et al., 2003). Crude protein, total starch, ADF, lignin, soluble 
NSP, and free sugar contents of wheat were significantly changed due to growing 
season (Kim et al., 2003). Another possible explanation for the discrepancy is that the 
precipitation levels during the growing season were markedly decreased in 2000 (Kim 
et al. 2002). Since the precipitation level was significantly correlated to the chemical 
composition of wheats (Kim et al. 2002; 2003), decreased precipitation in 2000 may, at 
least partly, have affected the chemical composition of wheats, and hence their DE 
contents. Nevertheless, total and insoluble xylose content, NDF content and the phytate-
P content of wheats was inversely correlated to the DE content of wheats harvested in 
1999. An inverse correlation between total xylose and DE content (r=-0.78, P<0.001) 
has been reported previously (Zijlstra et al., 1999). Also, a negative correlation between 
NDF levels and DE content was reported in Canadian wheats (r=-0.70, P<0.01; Zijlstra 
et al., 1999), and NDF was previously suggested as an accurate predictor of DE content 
in pigs (King and Taverner, 1975). However, the correlation of DE content with 
phytate-P content has not been reported. In the present study, when the two-years’ data 
were combined and subjected to Pearson’s correlation study, only the total phosphorus 
and phytate-P contents were significantly correlated to the DE content of wheats. This 
finding may indicate that phytic acid in wheats can be a predictor for DE content over 
different variety, growing environments, and different seasons, however the year-to-
year variation still requires consideration. 
 
4.4.4 Effect of growing season on DE content of wheat  
Wiseman (1997) reported a 1.1 MJ/kg DM variation (14.6 vs. 15.7 MJ/kg DM) in the 
DE content of wheat due to growing season from an identical variety grown in the same 
region, and a 1.0 MJ/kg (14.2 vs. 15.2 MJ/kg air dry basis) variation due to season was 
observed from an identical variety of wheat grown in the same region in an Australian 
study with wheat (Kopinski, 1997), both of which are in agreement with results of the 
current study. A similar seasonal variation was observed in a broiler chicken study 
(Choct  et al., 1999
a), where the apparent metabolizable energy (AME) value of 81 
Australian wheats collected over 3 years showed a significant variation (1.3 MJ/kg DM, 
P<0.01) due to year of harvest. 
 
In the current study, wheats grown in a high rainfall region had a significantly increased 
DE content in 2000 (P<0.001) whereas the DE contents of wheats grown in medium and 
low rainfall regions were similar. This significant seasonal variation in DE content in Chapter 4. Digestible energy content of wheat 
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the high rainfall region could be explained, at least partly, by the differences in 
precipitation level in this region between 1999 and 2000. Rainfall during the growing 
season was markedly lower in 2000 (406 mm vs. 266 mm) in this region (Kim et al. 
2002). Since the precipitation level during the growing season was inversely correlated 
to DE content (Table 4.3), content of N, NDF, lignin and NSP of the wheats (Kim et al., 
2003), the DE content of wheat in the high rainfall region may be altered due to the 
difference in precipitation in 2000. Another possible explanation for the variable DE 
content of wheat over seasons is differences in the agronomic practices used, such as N 
fertilization. Since N fertilization (0 or 180 kg N/ha
-1) increased protein content (95 to 
147 g/kg DM) in barley, and the fertilized barley increased N retention when fed to 
growing pigs (Jorgensen et al. 1999), differences in agronomic practices between 
growing seasons may also explain some of the variation of DE content. 
 
4.4.5 Effect of variety, growing region and growing season on pig 
performance  
At the planning stage of this experiment, we formulated the diets for examination of the 
DE content of wheats grown in Western Australia. For this reason, the diets were not 
formulated as a complete ration but formulated to contain 90% wheat and 10% 
additives, such as minerals and vitamins, to eliminate any possible interaction for DE 
response between wheat and other ingredients. Therefore, some interpretation is 
required when comparing this data with other studies. Although the lysine contents of 
test wheats were not determined, the protein content of wheat showed significant 
variation in both years (from 9.8 to 14.9% with a mean value of 11.8% in 1999, and 
from 11.9 to 19.1% with a mean value of 15.0% DM in 2000; Kim et al., 2003). 
Anderson and Bell (1983) reported that crude protein content of 16 wheat samples 
varied from 12.8% to 17% and lysine content of these wheats varied from 0.38 to 0.54% 
DM. The correlation between CP and lysine content of these wheats was r=0.52 
(P=0.038) but the R
2 value was low (27.4%), indicating estimation of lysine content 
from CP content of wheat is not appropriate. Nevertheless, it is possible that the 
performance of pigs observed in the current study may partly be influenced by nutrient 
imbalance, such as lysine: DE ratio, originating from the variation of crude protein and 
amino acid content of wheat.  
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Due to the limited concentration of protein in the experimental diets (wheat was the sole 
source of energy and protein), the growth of pigs was limited to around 70g/day. 
Cadogan et al. (1999) fed balanced diets, using 10 wheat varieties (65 % inclusion rate), 
to 7 kg pigs and reported significant variations in feed intake and daily gain (P<0.001). 
Also, significant variations in feed intake, daily gain, and FCR were reported when four 
Australian wheat varieties, at 94 % inclusion rate, were fed to 9-kg pigs (Ru at al., 
2001). In the current study, pig performance was not correlated to DE content of wheat 
and concurs with the above studies in terms of influence of wheat varieties on daily gain 
and feed efficiency. The variation in pig performance observed between different 
varieties of wheat has been attributed to cell wall characteristics and the quantity and 
structure of non-starch polysaccharides (Choct et al., 1999
b). The finding that 
significant improvements in pig performance by xylanase addition, especially in wheats 
that show poorer performance responses (Choct et al., 1999
b; Partridge et al., 1999; 
Simmins  et al., 2001), supports this notion. Therefore, the significant performance 
changes due to growing season in the present study may have resulted from significant 
changes in chemical composition between seasons. Also, the seasonal variation of crude 
protein content may partly influence the performance of pigs because the test diets did 
not contain sufficient protein for growth of weanling pigs. 
 
4.5 Conclusion 
The hypothesis that the DE content of wheat will vary due to ite variety, growing region 
and season was suppoted from the results of the current study. In conclusion, the present 
study revealed that the DE content in a cohort of wheats grown in Western Australia 
varied up to 1.9 MJ/kg, on an as-fed basis. Both the variety and growing environment, 
especially precipitation levels during the growing season, were responsible for the 
significant variation, although other environmental influences such as fertilizer practices 
cannot be discounted. The seasonal differences in DE content of the wheats may also be 
a consequence of environmental differences, such as precipitation level, during the 
growth of wheats. In wheats harvested in 1999, fibre components such as NDF and 
insoluble xylose reduced the DE content from a given wheat. Such significant inverse 
relationships between the DE content and fiber content, however, were not replicated 
with wheats harvested in 2000. The significant correlation between DE content and 
total-P, which was the only parameter that was related to DE content in the combined 
(1999 and 2000) dataset, has potential as a possible predictor for rapid screening of DE Chapter 4. Digestible energy content of wheat 
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in wheats fed to weanling pigs. The basis of the inverse correlation between total-P 
content of wheat and DE content is yet to be explored in wheat-based diets for weaner 
pigs. Feed formulations use average matrix data that cannot take into account such a 
wide variation in DE content, and this can cause less than optimal pig performance. 
Hence, the use of correlations between the DE content and chemical composition in 
wheat is an important step in feed management practices, and should attempt to consider 
seasonal and agronomic effects. 
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Abstract Two experiments were conducted to examine the effects of xylanase addition and storage on 
DE content of wheat. In experiment 1, nine wheat diets (90% wheat, 10% additives) harvested in 1999, 
with or without xylanase supplementation, were fed to 5-week-old male weaner pigs (6.6 kg ± 0.06 
SEM). The same experimental protocol was repeated with wheats harvested in 2000. In experiment 2, the 
nine wheats harvested in 1999 were stored for 6 months at ambient temperature and fed to pigs with or 
without xylanase. Acid insoluble ash (Celite) was added as an inert marker. The test diets were fed for 5 
days of adaptation, and faecal samples were collected during five consecutive days after adaptation for 
estimation of DE content. Significant interactions between variety and enzyme supplementation 
(P<0.001), and between growing region and enzyme supplementation (P<0.01), were found in wheats 
harvested in 1999. Significant 3-way interactions were found in wheats harvested in 2000 (variety x 
growing region x enzyme addition, P<0.05). The DE responses to xylanase negatively correlated to the 
arabinose: xylose ratio and in vitro extract viscosity, and positively correlated to fast digestible starch 
(FDS) and phytate-phosphorus (Phytate-P) contents in wheat harvested in 1999. No such correlations 
were significant in wheats harvested in 2000. Storage for 6 months significantly improved DE content 
(P<0.001). Significant 3-way interactions were found (variety x growing region x storage, P<0.01). The 
DE response to storage was positively correlated to NDF and xylose content of wheats. The addition of 
xylanase in stored wheat did not improve DE content of wheat. The results indicate that storage of wheat 
improved DE content of wheat, and xylanase supplementation in a wheat-based weaner pig diet, where 
DE is the factor under test, is beneficial for some wheats only.  
 
Key wards: Wheat, digestible energy, pig, enzyme supplementation, storage 
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5.1 Introduction 
The non-starch polysaccharides (NSP) from ingredients of plant origin are polymers of 
hexoses and pentoses with mainly β-glucosidic linkage(s), and are not digested by host 
endogenous enzymes but are subject to hydrolysis by microbial glycanases in the 
hindgut of pigs (Annison and Choct, 1994). The cell walls of grains such as wheat and 
barley are the main source of feed NSP (Asp, 1996). The major NSP in cereals are 
arabinoxylan and β-glucan. In wheat, arabinoxylans comprise 88% of endosperm cell 
walls (Mares and Stone, 1973) and 65% of aleurone cell walls (Bacic and Stone, 1981). 
The NSP are known to be detrimental to nutrient digestion in pigs (Bedford and 
Schulze, 1998) and chickens (Choct and Annison, 1992). Addition of NSP-degrading 
enzymes, such as xylanase in wheat-based pig diets (Lunen and Schulze, 1996) and β-
glucanase in barley-based pig diets (Baidoo et al., 1998), are sometimes beneficial in 
terms of the performance response to these enzymes. The purposes of such 
supplemental enzymes are to increase nutrient digestibility and to reduce variation in 
nutrient digestibility (Bedford, 2000). From the previous experiment (Chapter 3), it was 
demonstrated that the variety and growing region of wheat significantly influencd many 
of the carbohydrate components, including NSP. However, there is a lack of 
simultaneous information on the influence of xylanase addition on the digestible energy 
(DE) content of wheat as affected by its variety and growing region.  
 
It has been demonstrated that post-harvest storage of wheat (4-12 months) alters both 
carbohydrate composition (i.e., decrease in starch content and increase in free sugar 
content, Jood et al., 1993; Rehman et al., 1999; Kim et al., 2003) and energy utilisation 
in chickens (Choct and Hughes, 1997; 1999; Ravindran et al., 2001). However, the 
effect of storage on energy utilisation of wheat in weaner pigs has not been reported. 
 
The purposes of these studies were to examine: (1) the effect of variety and growing 
region of wheat on DE content in response to xylanase addition, and (2) energy 
utilisation efficiency in non-stored vs. stored wheat. The hypotheses tested in this study 
were: (1) the variety, growing region of wheat and NSP-degrading enzyme will 
influence the DE content of wheat, and (2) post-harvest storage of wheat will improve 
energy utilisation in weaner pigs.  
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5.2 Materials and Methods 
5.2.1 Experimental procedures 
Two experiments were conducted using 4-week-old male pigs (Landrace x Large White, 
average live weight 6.6kg (± 0.06, SEM) in enzyme trial; 6.3 ±0.07 in storage trial) to 
determine the effect of xylanase and storage for 6 months on DE content of wheat. In 
Experiment 1, the 18 test wheats (refer to Section 4.2.1, total 180 pigs were used, n=5 
pigs per wheat, -/+ enzyme treatments) were used to investigate the effect of exogenous 
xylanase supplementation on DE content. The diet formulation was presented in 
Chapter 2 (Table 2.1), but xylanase was included at the expense of wheat at 1kg/tonne 
(Porzyme 9300
®; endo-1,4-β-xylanase, minimum activity of 4000 U/g; Danisco Animal 
Nutrition, UK). Celite
® (acid insoluble ash) was used as an inert dietary marker. 
Feeding, collection of samples and chemical analysis procedures were identical to those 
described in the previous chapter (refer to Section 4.2.2). 
 
In Experiment 2, the test wheats were stored as described in the previous chapter (refer 
to Section 3.2.1) and incorporated into experimental diets with xylanase 
supplementation (the same enzyme and dosage to Experiment 1, total 180 pigs were 
used, n=5 pigs per wheat, -/+ enzyme treatments). The procedures for feeding, 
collection and chemical analyses were the same as for previous experiments (refer to 
Section 4.2.2). Bushel weight (hectolitre weight), CP, total starch, NSP, NDF, ADF, 
lignin, and the DE content of wheat were measured as described in Chapter 2 (refer to 
Section 2.4.2). The DE data measured after storage was then compared to the DE values 
determined 1 month after harvest (refer to Chapter 4, Table 4.2). 
 
The chemical composition data for all wheat samples including stored wheats are 
presented in Chapter 3 (Tables 3.3, 3.4 and 3.6).  
 
5.2.2 Statistics  
One-way and two-way analysis of variance (ANOVA) were used to examine the effects 
of enzyme or storage on DE content. Fisher’s Protected LSD comparison was used for 
comparison of DE value between mean values of different variables. All statistical 
analyses were conducted using the statistical package StatView 5.0 for Windows 
(AddSoft Pty. Ltd., Woodend, Vic., Australia). 
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5.3 Results  
5.3.1 Effect of xylanase on DE content of wheat  
The influence of xylanase supplementation on the DE content of 9 wheats harvested 
over two seasons is presented in Table 5.1.  
 
Table 5.1. Effect of xylanase on DE content of WA wheat harvested over two seasons and 
determined with 28-day-old male weaner pigs
A 
  DE (MJ/kg ‘as is) 
Year  1999  2000  Combined (1999 & 2000) 
Enzyme - + - + - + 
Growing region (rainfall zone)
B Arrino     
High  12.9 (0.15)  12.6 (0.15)  13.9 (0.19)  12.9 (0.39)  13.4 (0.20)  12.8 (0.20) 
Medium  13.7 (0.09)  13.0 (0.19)  12.6 (0.18)  12.8 (0.17)  13.0 (0.19)  12.9 (0.13) 
Low  13.5 (0.11)  12.9 (0.21)  13.7 (0.23)  14.1 (0.20)  13.6 (0.12)  13.5 (0.24) 
     Stiletto    
High  12.5 (0.15)  13.4 (0.10)  12.9 (0.12)  13.0 (0.10)  12.7 (0.12)  13.2 (0.10) 
Medium  13.4 (0.31)  14.1 (0.10)  13.6 (0.11)  13.5 (0.19)  13.5 (0.16)  13.8 (0.14) 
Low  13.7 (0.11)  13.5 (0.25)  14.0 (0.23)  14.0 (0.14)  13.9 (0.13)  13.8 (0.16) 
     Westonia    
High  13.4 (0.37)  14.3 (0.07)  14.1 (0.20)  13.8 (0.13)  13.7 (0.23)  14.1 (0.10) 
Medium  13.7 (0.17)  14.2 (0.13)  14.2 (0.14)  14.1 (0.16)  14.0 (0.17)  14.1 (0.12) 
Low  13.8 (0.19)  14.1 (0.16)  14.4 (0.14)  14.1 (0.16)  14.1 (0.17)  14.1 (0.12) 
Pooled 
Mean 
13.3 (0.09)  13.6 (0.10)  13.7 (0.10)  13.6 (0.10)  13.5 (0.07)  13.6 (0.07) 
Statistics
C Probability 
Source   
Variety (V)  ***  *** *** 
Growing region (GR)    ***  *** *** 
Enzyme (E)  NS (0.065)  NS NS 
VxGR NS  *** *** 
VxE ***  NS ** 
GrxE **  NS NS 
VxGRxE NS  * NS  (0.07) 
AValues are mean (± SEM) DE content (air-dry basis) determined from 5 pigs per treatment combination (total 180 pigs). 
BHigh rainfall area: >450 mm annual precipitation; medium rainfall area: 325 - 450 mm annual precipitation, and low rainfall 
area: <325 mm annual precipitation, (The Crop Variety Sowing Guide for Western Australia 2000, refer to Chapter 3, section 
3.2.1). 
CNS: not significant, **P<0.01, ***P<0.001 (GLM) 
 
Significant interactions between variety and enzyme supplementation (P<0.001), and 
between growing region and enzyme supplementation (P<0.01), were found in 1999 
(Figure 5.1), while the interactions were not significant in 2000. A significant variety x 
growing region x enzyme interaction (P<0.05) was found only in 2000 (Figure 5.2). 
Between wheat varieties, Australian Premium White wheats (APW; Stiletto and 
Westonia) responded significantly in their DE content by addition of xylanase (13.1 vs. 
13.7, P<0.05; 13.6 vs. 14.2, P<0.01, respectively), while the Australian Standard White Chapter 5. Xylanase, storage and DE content of wheat 
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Noodle wheat (ASWN; Arrino) decreased in its DE content by xylanase 
supplementation (13.3 vs. 12.8, P<0.01) in 1999.  
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Figure 5.1. Effect of variety and xylanase (a) and growing region and xylanase (b) on DE content of 
wheat harvested in 1999 
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Figure 5.2. Effect of variety, growing region and xylanase on DE content of wheat harvested in 2000 
 
Enzyme (xylanase) supplementation improved the DE value of wheat sampled from the 
high rainfall region (12.8 vs. 13.4, P<0.05) but not for samples collected from the 
medium and low rainfall region (13.6 vs. 13.8, 13.7 vs. 13.5, P>0.05, respectively) in 
1999. However, supplementation of xylanase did not influence DE content of the 2000 
wheats in any varieties and growing regions. When the data were combined over two 
seasons, the effect of xylanase addition on the DE content of wheat was influenced by 
variety x enzyme interaction (P<0.01, Table 5.1).  
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Figure 5.3 Relationships between the DE response to xylanase (%) and wheat extract viscosity, 
insoluble arabinose to xylose ratio, lignin and FDS (1999) 
 
The correlations between the DE response (% increase or decrease after xylanase 
supplementation) to xylanase and chemical composition of the wheats were examined. 
Significant negative relationships to in vitro extract viscosity (r=-0.85, P<0.01) and 
total- (r=-0.84, P<0.01) and insoluble-arabinose to xylose ratio (r=-0.86, P<0.01) were 
found in 1999. In addition, lignin was negatively correlated to the response (r=-0.64, 
P<0.06), while FDS (r=0.65, P<0.06) and phytate-P (r=0.64, P<0.06) contents were 
positively correlated (Figure 5.3). However such relationships were not found in 2000 
or in the combined data set over two seasons. 
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5.3.2 Effect of storage for 6 months on DE content of wheat  
The storage effect on DE content was determined with 9 wheat samples harvested in 
1999, and these are presented in Table 5.2.  
 
Table 5.2. Effect of storage for 6 months on DE content of WA wheat harvested over two seasons 
and determined with 28-day-old male weaner pigs
A 
  DE (MJ/kg ‘as is) 
Year 1999  2000
† 
Storage  1 month  6 months  1 month  6 months 
Growing region (rainfall zone)
B Arrino 
High  12.9 (0.15)  14.0 (0.16)  13.9 (0.19)  12.6 (0.19) 
Medium  13.7 (0.09)  14.3 (0.14)  12.6 (0.18)  12.6 (0.17) 
Low  13.5 (0.11)  14.3 (0.19)  13.7 (0.23)  12.9 (0.23) 
     Stiletto 
High  12.5 (0.15)  14.4 (0.18)  12.9 (0.12)  13.8 (0.26) 
Medium  13.4 (0.31)  13.7 (0.07)  13.6 (0.11)  13.0 (0.13) 
Low  13.7 (0.11)  13.5 (0.24)  14.0 (0.23)  13.1 (0.16) 
     Westonia 
High  13.4 (0.37)  14.1 (0.22)  14.1 (0.20)  13.2 (0.13) 
Medium  13.7 (0.17)  14.6 (0.14)  14.2 (0.14)  13.0 (0.20) 
Low  13.8 (0.19)  13.7 (0.10)  14.4 (0.14)  12.7 (0.14) 
Pooled Mean  13.3 (0.09)  14.0 (0.07)  13.7 (0.10)  13.0 (0.08) 
Statistics
C Probability 
Source        
Variety (V)  **  *** 
Growing regions 
(GR) 
                 **  ** 
Storage (S)  ***  *** 
VxGR NS  * 
VxS NS  *** 
GRxS ***  ** 
VxGRxS **  *** 
AValues are mean (± SEM) DE content (air-dry basis) determined from 5 pigs per treatment combination (total 180 pigs). 
BHigh rainfall area: >450 mm annual precipitation; medium rainfall area: 325 - 450 mm annual precipitation, and low rainfall 
area: <325 mm annual precipitation, (The Crop Variety Sowing Guide for Western Australia 2000). 
CNS: not significant, **P<0.01, ***P<0.001 (GLM) 
†Wheats harvested in 2000 were infested with weevils during storage, and the DE content of wheat significantly decreased 
accordingly. 
 
Unfortunately, the wheats harvested in year 2000 were damaged by weevils during 
storage (10 to 50% damaged). Therefore, the DE content of stored wheat in 2000 in 
Table 2 requires careful interpretation for comparison with 1999 wheats. Presentation of 
results and discussion will therefore focus on the 1999 wheats. 
 
After the 1999 harvest, storage of wheat for 6 months significantly improved the DE 
content of wheats (13.3 vs. 14.0, P<0.001). All varieties of wheat improved their DE 
contents by storage (0.9, 0.7, and 0.5 MJ/kg, for Arrino, Stiletto, and Westonia, 
respectively). Wheats grown in the High and the Medium rainfall regions improved Chapter 5. Xylanase, storage and DE content of wheat 
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their DE contents (1.4 and 0.5 MJ/kg, respectively), while wheats grown in the Low 
rainfall region did not improve DE content by storage. However, the ASWN wheat 
Arrino grown in the Low rainfall region improved its DE content (0.8 MJ/kg), while the 
APW wheats, Stiletto and Westonia, grown in the Low rainfall region did not improve 
DE contents by storage (-0.2 and -0.1 MJ/kg, respectively). As a consequence, a 
significant interaction between growing region and storage (P<0.001), and a significant 
3-way interaction between variety x growing region x storage (P<0.01), were found.  
 
Table 5.3. Correlation between chemical composition (DM) and DE response to storage (%) in 
wheats harvested in 1999 
Variables  Correlation coefficient (r)  P value 
Crude protein (%)  0.639  0.064 
Bushel weight (kg/hL)  -0.605  0.084 
Total NSP: Insoluble NSP (ratio)  0.645  0.060 
Total NSP: Soluble NSP (ratio)  -0.645  0.060 
Insoluble NSP: Soluble NSP (ratio)  -0.668  0.049 
Total xylose (%)  0.772  0.015 
Total arabinoxylan (%)  0.600  0.087 
Insoluble xylose (%)  0.815  0.007 
Insoluble arabinoxylan (%)  0.658  0.054 
Neutral Detergent Fibre (NDF, %)  0.927  0.001 
Total Phosphorus (mg/100g)  0.665  0.051 
 
The correlations between the DE response to storage (%) and the chemical composition 
of 1999 wheats are presented in Table 5.3. The NDF (r=0.927, P<0.001), total xylose 
(r=0.772, P=0.015) and insoluble xylose (r=0.815, P=0.007) contents of wheat were 
significantly correlated to the DE response to storage. Also, the ratio between total, 
insoluble, and soluble NSP were important contributors to the DE response to storage. 
The wheats harvested in 2000, damaged by weevils during storage, were fed to pigs and 
showed a remarkably decreased DE content (13.7 vs. 13.0 MJ/kg). 
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Table 5.4. Effect of xylanase on DE content of WA wheat after storage for 6 months as determined 
with 28-day-old male weaner pigs
A 
  DE (MJ/kg ‘as is) 
Year 1999  2000 
Enzyme -  +  -  + 
Growing region (rainfall zone)
B                                                                     Arrino 
High  14.0 (0.16)  13.8 (0.16)  12.6 (0.19)  13.2 (0.19) 
Medium  14.3 (0.14)  13.7 (0.24)  12.6 (0.17)  11.9 (0.31) 
Low  14.3 (0.19)  14.0 (0.12)  12.9 (0.23)  12.5 (0.42) 
 Stiletto 
High  14.4 (0.18)  14.2 (0.23)  13.8 (0.26)  14.1 (0.16) 
Medium  13.7 (0.07)  13.6 (0.08)  13.0 (0.13)  13.4 (0.13) 
Low  13.5 (0.24)  13.8 (0.10)  13.1 (0.16)  13.6 (0.08) 
 Westonia 
High  14.1 (0.22)  14.5 (0.11)  13.2 (0.13)  12.5 (0.17) 
Medium  14.6 (0.14)  14.8 (0.22)  13.0 (0.20)  13.5 (0.13) 
Low  13.7 (0.10)  13.6 (0.20)  12.7 (0.14)  13.1 (0.28) 
Pooled Mean  14.0 (0.07)  13.9 (0.07)  13.0 (0.08)  13.1 (0.12) 
Statistics
C Probability 
Source       
Variety (V)  NS  *** 
Growing regions 
(GR) 
              *  * 
Enzyme (E)  *  NS 
VxGR ***  ** 
VxE NS  NS (0.08) 
GRxE *  NS 
VxGRxE NS  *** 
AValues are mean (± SEM) DE content (air-dry basis) determined from 5 pigs per treatment combination. 
BHigh rainfall area: >450 mm annual precipitation; medium rainfall area: 325 - 450 mm annual precipitation, and low rainfall 
area: <325 mm annual precipitation, (The Crop Variety Sowing Guide for Western Australia 2000). 
CNS: not significant, **P<0.01, ***P<0.001 (GLM) 
 
5.3.3 Effect of xylanase on DE content of stored wheat  
The effect of xylanase supplementation on the DE content of stored wheats is presented 
in Table 5.4. The addition of xylanase did not improve the DE content of stored wheat 
in 1999 (14.0 vs. 13.9 MJ/kg). A significant interaction (P<0.05) between growing 
region and enzyme addition on the DE content of stored wheat was observed. Wheats 
grown in the Medium rainfall region decreased their DE content by 0.4 MJ, while the 
DE content of wheats grown in the High and the Low rainfall region were not 
influenced by xylanase supplementation. The addition of xylanase in wheats damaged 
by weevils during storage (year 2000) did not influence the DE content. 
 
5.4 Discussion 
5.4.1 Effect of xylanase on the DE content of wheats 
Since different varieties of wheats and wheats grown in different geographical locations 
contain variable levels of nutrients such as starch, protein, and fibre (Choct et al., 1999; Chapter 5. Xylanase, storage and DE content of wheat 
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Zijlstra et al., 1999; Chapter 3), these two factors have long been recognized as major 
factors influencing wheat DE content for pigs. The interaction between wheat variety 
and xylanase supplementation on performance of pigs was reported previously (Choct et 
al., 1999). 
 
In the current study, interactions between variety and enzyme addition, and between 
growing region and enzyme addition, were observed for the DE content of wheats 
harvested in 1999, while wheats harvested in 2000 showed a significant 3-way 
interaction. This difference may have resulted form seasonal differences in 
environmental factors, such as precipitation levels, and agronomic practices such as 
nitrogen fertilisation, which all influence the chemical composition of wheats (see 
discussion in Sections 3.3.3 and 4.4.4). The variety of wheat and different growing 
region tested in the current study were the significant sources of variation for chemical 
composition (Kim et al., 2003).  
 
Correlations found between the DE response to xylanase addition and arabinose: xylose, 
lignin, FDS and phytate-P suggest that the structure of NSP and contents of lignin, FDS 
and phytate-P are important contributors for the response to xylanase supplementation. 
It is an interesting finding that the structure of NSP (i.e., arabinose: xylose ratio) is a 
more important factor for the DE response to xylanase than the total amount of NSP 
present in wheat. This, in turn, indicates that the structure of NSP rather than absolute 
quantity is a determinant of the efficacy of xylanase, at least for DE content in weanling 
pigs. Also, the efficacy of xylanase being negatively correlated to the lignin content 
(degree of lignification) was most likely due to the association between NSP and/(or) 
nutrients and indigestible lignin in wheat. In addition, the content of FDS, which is an 
indication of α-glucosidic links that are rapidly digested, was a positive determinant for 
the efficacy of xylanase. The positive relationship between phytate-P and DE response 
to xylanase found in the current study may be explained from the association between 
phytic acid and other nutrient such as protein and starch in wheat (Thompson and Yoon, 
1984; Ravindran et al., 1999). The phytic acid molecules are known to exist mainly in 
the cell wall structure (aleurone layer, testa and pericarp) in cereals (Kornegay, 2001), 
indicating possible associations with the cell wall structure and phytic acids. Also, the 
phytic acid molecules are associated with many nutrients such as protein, starch and 
minerals (P, Zn and Ca; Reddy et al., 1982; Thompson, 1986; Kornegay, 2001). 
Therefore, it is possible that supplemental xylanase may have cleaved the association Chapter 5. Xylanase, storage and DE content of wheat 
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between NSP and phytic acid molecules, which are bound in the aleurone layers of 
wheat (Flolich and Asp, 1985), and made those phytate bound nutrients more suceptible 
to the host enzymes. 
 
An interesting result in the current study was that the wheat variety Arrino (ASWN) 
showed a consistently decreased DE content in both years with supplementation of 
xylanase, while the wheat varieties Stiletto and Westonia (APW) improved their DE 
contents with the enzyme. The consistent differences in chemical composition between 
these two wheat categories were the arabinose: xylose ratio (higher in Arrino in both 
years) and FDS content (lower in Arrino in both years; refer to Chapter 3, Table 3.3 and 
3.4). The higher arabinose: xylose ratio in the ASWN wheat (Arrino) indicates that its 
xylose backbone has more arabinose branching, which, in turn, disrupts close packing 
of the arabinoxylan architecture. The structure of NSP could affect the efficacy of 
xylanase because the amount of NSP solubilized in the upper gut by the enzyme most 
likely depends on the structure of NSP and their association with other cell wall 
materials, such as lignin. Bedford et al. (1992) reported that xylanase supplementation 
in rye- and barley-based weaner pig diets did not improve pig performance and 
digestibilities of starch and protein. The viscosity of small intestinal digesta was 
elevated in pigs that received the enzyme-supplemented diet. Also, Haberer et al. (1998) 
found an increased percentage of soluble arabinoxylan in the small intestine with 
xylanase and β-glucanase supplementation in barley, rye, and wheat-bran-based diets 
fed to 26 kg pigs. An in vitro study with barley and enzymes (xylanase and β-glucanase) 
found an elevated soluble NSP fraction after incubation with the enzymes because the 
enzymes hydrolysed high molecular weight NSP to low molecular weight NSP and 
sugars during the incubation (Castañón et al., 1997). The results from the above 
literature studies indicate that carbohydrases (xylanase and β-glucanase) may increase 
viscosity of digesta, which may act in a negative way to influence the pigs performance. 
However, this is not the case for some wheats since 9% and 5% improvements in 
growth and FCR, respectively, were observed with xylanase supplementation in wheat 
and corn-based diets fed to 10-week-old pigs (Lunen and Schulze, 1996). Therefore, it 
is likely that xylanase supplementation in some wheats, which have an NSP structure 
more susceptible to xylanase (i.e., arabinose: xylose ratio), may increase viscosity of 
wheat by solubilisation of substantial amount of insoluble NSP that, in turn, may affect 
nutrient digestion. The efficacy of xylanase may also be influenced by the structure of 
NSP because xylanase supplementation in pigs can increase small xylo-oligomers, Chapter 5. Xylanase, storage and DE content of wheat 
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which are substrates for microorganisms, due to the action of xylanase. The increased 
small xylo-oligomers can shift proliferation of certain strain of bacteria in the gut. For 
example, addition of xylanase in a wheat-based chicken diet increased Bacteroides 
populations and VFA concentration in the caecum (72 mM vs. 112 mM) and acid and 
gas production in the ileum (Apajalahti and Bedford, 1998). Therefore, the structure of 
NSP may be responsible for the apparently reverse effects in DE content seen with 
Arrino, although other chemical factors, such as degree of lignification, cannot be 
discounted. 
 
Nevertheless, the results of the current study indicate that enzyme supplementation in a 
wheat-based weaner pig diet, where DE is the factor under test, is beneficial for some 
wheats only. The beneficial effect of the supplemental enzyme was not systematic but 
was seemingly associated with the grain structure, and nutrient value was derived from 
an interaction between variety and growing conditions of the wheat. 
 
5.4.2 Effect of storage on DE content of wheat  
It is known that post-harvest storage of wheat (4-12 months) improved the apparent 
metabolisable energy (AME) value between 1 MJ/kg DM (Ravindran et al., 2001), and 
3 MJ/kg DM (Choct and Hughes, 1999), when assayed with broiler chickens. Also, the 
apparent ileal digestible energy content of wheat improved up to 1.7 MJ/kg DM in 
chickens with storage (Ravindran et al., 2001). In the surrent study, the DE content of 
Stiletto grown in the High rainfall region (1999) improved by 1.9 MJ/kg DE (‘as is’ 
basis) with storage, which concurs with the above studies. An increased free sugar 
content and decreased starch content were associated with storage of wheat (Jood et al., 
1993; Rehman et al., 1999). This is of interest in the current study because chemical 
analyses of wheats before and after storage found decreased starch, soluble NSP, ADF, 
and lignin contents and an increased free sugar content during the 6 months of storage 
(Chapter 3, Table 3.6). The activation of endogenous glycanases was proposed as a 
possible mechanism for altered chemical composition and improved energy utilisation 
in stored wheats (Choct and Hughes, 1997). The DE response (%) to storage was 
strongly correlated to NDF and xylose contents and the ratio of total, insoluble to 
soluble NSP in wheats. These results agree with correlations found between the DE 
content of wheat determined just after harvest in 1999 and chemical composition 
(Chapter 4, Table 4.4), where NDF, total and insoluble xylose negatively correlated to 
the DE content of newly-harvested wheats. Therefore, with the wheats harvested in Chapter 5. Xylanase, storage and DE content of wheat 
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1999, the wheats with the higher NDF and xylose contents showed the lower DE 
content and the wheats having the higher NDF and xylose contents improved more in 
their DE content after storage. This was probably due to the changes in the total, 
insoluble to soluble NSP ratios, which were influenced by decreased soluble NSP 
during storage (Chapter 3, Table 3.6). 
 
The underlying mechanism(s) for an improvement in energy utilisation of stored wheat 
is (are) not clear. However, findings in the current study (i.e., Chapter 3), such as a 
decreased soluble NSP content during storage, may partly explain the improvement of 
energy utilisation in the stored wheat. The DE content of wheat harvested in 2000 was 
markedly decreased due to damage by weevils during storage. Significant reductions in 
available carbohydrates in insect-infested wheat samples were reported previously (Jood 
et al., 1993). Since wheat harvested in 2000 damaged by weevils had altered DE content 
for reasons other than simple storage effect, the discussion will not be made in this 
paper. 
 
5.4.3 Effect of xylanase on DE content of stored wheat  
Unlike the newly-harvested wheats, DE content of stored wheats did not respond to 
addition of xylanase. This result may be due to altered chemical composition of wheat 
during the storage (see Chapter 3, Table 3.6) and(or) to the action of endogenous 
glycanases during storage. The improvement of DE content of wheat by addition of 
xylanase or by storage showed similar patterns. For example, addition of xylanase 
improved DE content of wheats grown in the High rainfall region by 1.6 MJ/kg, but the 
wheats grown in the Medium and the Low rainfall regions were not improved. 
Similarly, storage for 6 months improved DE content of wheats grown in the High 
rainfall region by 1.4 MJ/kg, while DE content of wheats grown in the Medium and 
Low rainfall regions improved only 0.5 and 0.1 MJ/kg, respectively. Also, addition of 
xylanase improved the DE content of the APW wheats (Stiletto and Westonia) by 0.6 
MJ/kg, and storage for 6 months improved the DE content of these wheats by 0.7 and 
0.5 MJ/kg, respectively. The only exception to these similar patterns was the ASWN 
wheat (Arrino), which had a decreased DE content with addition of xylanase, but an 
improved DE content with storage.  
 
These similar patterns in DE response by addition of xylanase to newly-harvested 
wheats or by storage for 6 months, but no response to addition of xylanase in stored Chapter 5. Xylanase, storage and DE content of wheat 
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wheats, partly supports the suggestions made by Choct and Hughes (1997), that in-seed 
glycanases may be activated during storage. Therefore, it is expected that the 
endogenous glycanases in wheat may be activated during storage and degrade some 
high molecular weight carbohydrates, which may be anti-nutritive when fed to pigs or 
chickens, to low molecular weight products. Further research is required for a clearer 
understanding of mechanisms associated with storage of wheats and influences on 
energy availability. 
 
5.5 Conclusion 
In conclusion, supplementation of xylanase or storage of wheat improved faecal DE 
content of wheat for weaner pigs on some occasions. The DE response to xylanase was 
influenced by the structure of NSP and the content of lignin, FDS and phytate-P. The 
quantity and source of NSP are known to influence energy digestibility in pigs. 
However, it appears that the structure of NSP is also important contributor for efficiency 
of energy extraction from a given wheat diet in weaner pigs. Therefore, it is likely that 
the improvement of DE content by supplemental enzyme or storage, in the current 
study, was seemingly associated with the grain structure and nutrient value derived from 
an interaction between variety and growing conditions of the wheat.  
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Abstract Two experiments were conducted to examine varietal, environmental and storage influences 
on total phosphorus (P), phytate-P content and phytase activity in a cohort of wheats grown in Western 
Australia. In experiment 1, a 3x3x2 factorial experiment examined the influence of wheat variety (Arrino, 
Stiletto, Westonia), growing regions (high, medium, low rainfall zone) and harvest years (1999, 2000). In 
experiment 2, the effect of storage for 6 months on the P composition of the wheats was examined. The 
total P and phytate-P concentrations ranged from 1.66 to 4.48 g/kg (DM) and 1.05 to 3.32 g/kg (DM), 
with mean values of 2.64 (s.e. ±0.142) and 1.79 g/kg (s.e. ±0.127), respectively. Phytase activity ranged 
from 327 to 811 FTU/kg, with a mean value of 563 FTU/kg (s.e. ±29.6). Phytate-P content was 
significantly correlated to total P concentration (r=0.97, P<0.001). Harvest year tended to influence the 
total P and phytate-P content (P=0.079 and P=0.082, respectively) of the wheats, while wheat variety had 
a significant effect on the phytase activity (P<0.05). Precipitation level (mm) was positively correlated to 
total P and phytate-P contents (P<0.05). Storage for 6 months after harvest did not change the P content 
of wheat. 
Key Words: wheat, phosphorus, phytate, phytase, environment, storage 
 
6.1 Introduction 
Phytate, the mixed salt of phytic acid (myo-inositol hexaphosphate; C6H18O24P6), is 
ubiquitous in feed ingredients of plant origin as a reservoir of phosphorus (P) for seed 
germination. In feedstuffs, phytate is present mainly as mineral-phytate complexes Chapter 6. Total-P, phytate-P and phytase activity of wheat 
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involving magnesium, calcium and potassium (Cheryan 1980) as the hexaphosphate 
ester (IP6) of myo-inositol (Kasim and Edwards 1998). Phytate contains about 282 g 
P/kg, which is largely unavailable to simple-stomached animals due to insufficient 
phytase activity in the digestive tract (Ravindran et al. 1995). The concentration of 
phytate or phytate-P in wheat is variable; in two reviews phytate-P levels ranged from 
1.7 to 3.8 g/kg DM (Ravindran et al. 1995) and 2.0 to 3.1 g/kg (Weremko et al. 1997). 
 
The dietary phytate concentration is important as it has been demonstrated that 
increasing phytate from 4.2 to 11.7 g/kg and 10.4 to 15.7 g/kg has a negative impact on 
the growth performance of pigs and poultry (Cadogan et al. 1997; Cabahug et al. 1999), 
respectively. The variable phytate content of wheat will influence the phytate 
concentration of the typical Australian pig and poultry diets. This may be critical, 
because of the anti-nutritive properties of phytate, which should govern the extent pigs 
respond to supplementation with microbial phytase. For example, in weaner pigs there 
is a positive correlation between dietary phytate levels and improvements in feed 
efficiency following phytase supplementation (Selle et al. 1997).  
 
It is well established that the negative charges on the phytic acid molecule positively 
chelate charged multi-valent cations, such as Mg and Ca, to form stable complex 
phytate (Cheryan 1980; Reddy et al. 1982; Yang et al. 1991; Sohail and Roland 1999). 
For example, phytate found in the protein body of rice grain comprises 67 % phytic 
acid, 19 % K, 11 % Mg and 1 % Ca on a dry matter basis (Ogawa et al. 1975). 
Consequently, the phytic acid in some feed ingredient impairs mineral bioavailability by 
forming mineral-phytate complexes. Since these phytate-mineral complexes are 
resistant to digestion in monogastrics, a negative relationship has been reported between 
the phytate concentration in the diet and digestibility of multi-valent cations in rats 
(Saha  et al. 1994) and humans (Davidsson et al. 1995). In chickens and pigs, the 
digestibility of P can be significantly improved by the addition of supplementary 
phytase (Simons et al. 1990; Beers and Jongbloed 1992; Sands et al. 2001). 
 
Phytate also binds proteins, preventing the digestion and absorption of both the bound 
nutrients and the P within the phytate molecule (Reddy et al. 1982; Thompson 1986; 
Yang et al. 1991; Sohail and Roland 1999; Kies et al. 2001). Importantly, these protein-
phytate complexes are refractory to pepsin digestion; Vaintraub and Bulmaga (1991) 
concluded that complexed protein is less susceptible to pepsin hydrolysis due to Chapter 6. Total-P, phytate-P and phytase activity of wheat 
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structural changes and reduced solubility, which is most evident at pH 2-3. The 
formation of pepsin refractory, protein-phytate complexes in the stomach is considered 
central to the negative effect of phytate on protein utilisation. Significantly, improved 
protein and amino acid digestibilities with exogenous phytase have been reported in 
both chickens (Ravindran et al. 1999a, 1999b) and pigs (Sands et al. 2001). Increased 
growth performance of weaner pigs (Campbell et al. 1995; Cadogan et al. 1997, 1999; 
Cadogan and Selle 2000), and improved apparent ileal digestibility of amino acids 
(Officer and Batterham 1992a, 1992b) and protein deposition and retention (Ketaren et 
al. 1993) in grower pigs, have been observed with supplementation of microbial 
phytase. In contrast, the mechanisms for phytate’s consistently negative effect on 
energy utilisation by broilers are unclear and phytate may not have a corresponding 
effect in pigs. The interaction between phytate and starch molecules is yet to be 
established. However, it is believed that the phytate-P content of wheat is related to 
energy utilisation in monogastric animals due either to the phytate molecules interacting 
with protein and starch molecules (Thompson 1986; Selle et al. 2000; Kies et al. 2001) 
or, as it was demonstrated in vitro, to the phytic acid inhibiting α-amylase activity 
(Sharma et al. 1978; Deshpande and Cheryan 1984). As evidence, improvements in the 
apparent metabolisable energy content in wheat-based diets for chickens by the addition 
of phytase have been reported (Ravindran et al. 1999a). 
 
In spite of the nutritional significance of phytic acid for monogastric animals, a wide 
variation in the phytate content of cereals, such as wheat, occurs (Ravindran et al. 
1995). It is possible that some of this variation is caused by agronomic conditions. The 
purposes of the current study were to: (1) quantify the total and phytate-P content of a 
cohort of Western Australian wheats according to variety, growing region and growing 
season; and (2) examine the change of P composition with storage for 6 months after 
harvest. 
 
6.2 Materials and methods 
6.2.1 Experimental design  
Two experiments were conducted to examine the variation in total and phytate-P 
content as affected by variety, growing region, growing season and the post-harvest 
storage of wheat. In Expt 1, a 3x3x2 factorial experiment was conducted with the 
respective factors being variety [Arrino: Australian Standard White Noodle wheat Chapter 6. Total-P, phytate-P and phytase activity of wheat 
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(ASWN); Stiletto and Westonia: Australian Premium White wheats (APW)], growing 
regions in south-western Australia [wheat grown in (1) high rainfall area (Arthur 
River/Kojonup), >450 mm annual precipitation; (2) medium rainfall area (Newdegate), 
325 - 450 mm annual precipitation; (3) low rainfall area (Yelbeni), <325 mm annual 
precipitation], and growing season (1999, 2000). However, actual rainfall in the 
growing season in the medium and low rainfall areas was similar and the low rainfall 
area showed similar annual rainfall as the high rainfall area in 1999 (Table 6.1). The 
total and phytate-P content of the 9 wheat samples harvested in year 1999 were analysed 
within 1 month after harvest. The same experimental protocol was followed with wheat 
harvested in 2000 to examine the seasonal variation of total and phytate-P content. In 
Expt 2, all of the wheat samples used in Expt 1 were stored in sealed metal-sided bins in 
a grain shed at ambient temperature for 6 months prior to analysed for total and phytate-
P content, and phytase activity. 
 
Table 6.1. Precipitation level over two seasons in different regions of Western Australia 
 1999  2000 
Precipitation (mm)  Annual  Growing season
A Annual  Growing  season 
Growing regions
B      
High  520 406 382 266 
Medium  449 289 346 137 
Low  520 297 369 130 
AGrowing season defined as May - October 
BHigh rainfall area: >450 mm annual precipitation (Arthur River/Kojonup); medium rainfall area: 325 - 450 mm annual 
precipitation (Newdegate), and low rainfall area: <325 mm annual precipitation (Yelbeni) 
 
6.2.2 Determination of chemical composition of wheat  
Dry matter of wheat was determined using the AOAC official method 930.15 (AOAC, 
1997). Total P, phytate P and phytase activity were analysed at BRI Australia Limited 
(North Ryde NSW 1670, Australia). Total P in wheat was analysed using a method 
described by Harris (1970), where samples are dry ashed, dissolved in concentrated 
HCl, and then measured at 680 nm after addition of phospho-molybdate and amino-
naphtol sulphonic acid reagents. Phytate-P content was determined 
spectrophotometrically using the principle that phytate forms stable complexes with 
ferric ions in dilute acid solution (Xu et al., 1992). Phytase activity was determined 
using the method described by Engelen et al. (1994), with one phytase activity unit Chapter 6. Total-P, phytate-P and phytase activity of wheat 
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(FTU) defined as the amount of enzyme that liberates 1 µmol inorganic orthophosphate 
per minute from 0.0051 mol per litre sodium phytate at pH 5.5 and 37 °C. Annual 
precipitation data were obtained from Bureau of Meteorology,  Western Australian 
Regional Office (West Perth, WA, Australia). Rainfall data between May to October 
were defined as precipitation level during the growing period in each area. 
 
6.2.3 Statistics  
One-way, two-way and three-way analyses of variance and Pearson’s correlation 
analysis were conducted using the statistical package StatView 5.0 for Windows 
(AddSoft Pty. Ltd., Woodend, Vic., Australia). 
 
6.3 Results 
The P composition of the 18 wheats (3 variety x 3 growing region x 2 growing season) 
is presented in Table 6.2. The total P and phytate-P content (DM) ranged from 1.66 to 
4.48 g/kg and 1.05 to 3.32 g/kg, with mean values of 2.64 g/kg (s.e. ±0.142) and 1.79 
g/kg (s.e. ±0.127), respectively. The proportion of phytate-P of total P ranged from 55 
to 79 %, with a mean value of 67 % (s.e. ±1.5). Phytase activity of the 18 wheats ranged 
from 327 to 811 FTU/kg, with a mean value of 563 FTU/kg (s.e. ±29.6). Variety and 
growing region did not influence the total P and phytate-P concentration of wheat 
(P>0.05), while variety had a significant effect on phytase activity (P<0.05). The APW 
wheats Stiletto and Westonia showed higher phytate-P proportions (69 and 67 % of total 
P, respectively) compared to the ASWN wheat Arrino (63 %, P=0.089). Westonia and 
Arrino showed higher (P=0.005) phytase activities (636 and 592 FTU/kg, respectively) 
than Stiletto (480 FTU/kg). The year of harvest tended to have an effect on total P and 
phytate-P concentration (P=0.079 and P=0.082, respectively). Two-way ANOVA 
showed no significant interactions between variety, growing region and growing season 
for total P, phytate-P and phytase activity. 
 
The effect of storage for 6 months on P composition and phytase activity of the wheats 
is presented in Table 6.3. Storage had no significant effect on total P and phytate-P 
content (P>0.05) although there was a slight decrease in total P (3.1% - 1.7%, in year 
1999 and 2000, respectively) and phytate-P (4 – 4.5% in year 1999 and 2000, 
respectively). Chapter 6. Total-P, phytate-P and phytase activity of wheat 
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Table 6.2 Effect of variety, growing region and harvest year on total P, phytate-P and phytase activity in a cohort of Western Australian wheats 
Measurements on a dry matter basis. Arrino: Australian Standard White Noodle wheat (ASWN); Stiletto, and Westonia: Australian Premium White wheat (APW) 
  Total P (g/kg)  Phytate-P (g/kg)  Proportion, phytate-P of total P (%)  Phytase activity (FTU/kg) 
Harvest  year:  1999  2000  1999  2000  1999  2000 1999 2000 
Variety  Growing  region               
High 2.86  2.49  1.97  1.66  69  67  623  607 
Medium 2.39  2.92  1.39  2.02 58  69  489  619  Arrino 
Low 2.65  2.07  1.65  1.15  63  55  530  763 
                 
High 4.48  1.87  3.32  1.13  74  61  576  363 
Medium 2.88  2.80  2.05  1.85 71  66  493  448  Stiletto 
Low 2.94  2.35  2.22  1.64  75  70  504  327 
                 
High 2.91  2.34  2.29  1.50  79  64  503  524 
Medium 2.35  1.66  1.40  1.05 60  63  609  632  Westonia 
Low 2.54  3.03  1.82  2.15  72  71  811  711 
Pooled mean  2.89 2.39 2.01 1.57  69  65  571  555 
Pooled SEM  0.21  0.16  0.20  0.13  2.39  1.68 34.4 50.2 
Statistics
A                
Source     Probability 
Variety (V)  n.s.  n.s.  n.s.  * 
Growing regions (R)  n.s.  n.s.  n.s.  n.s. 
Year (Y)  n.s. (0.079)  n.s. (0.082)  n.s.  n.s. 
n.s., not significant, *P<0.05. 
ANon of the two-way and three-way interactions were significant. 
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Table 6.3 Effect of storage (1 or 6 months) on total P, phytate-P and phytase activity of wheat 
grown in Western Australia Values are means (± s.e.) on a dry matter basis. No significant effect 
(P<0.05) of storage was found for any variable. 
Year 1999  2000 
Storage
A  1 month  6 months  1 month  6 months 
Number of samples  9  9  9  9 
Total P (g/kg)  2.89 (0.21)  2.80 (0.20)  2.39 (0.16)  2.35 (0.15) 
Phytate-P (g/kg)  2.01 (0.20)  1.93 (0.19)  1.57 (0.13)  1.50 (0.11) 
Proportion, phytate-P of total P 
(%) 
69 (2.4)  68 (1.9)  65 (1.7)  64 (1.2) 
Phytase activity (FTU/kg)  571 (34.5)  639 (48.3)  555 (50.2)  515 (35.2) 
AWheats were stored in sealed metal-sided bins in a grain shed at ambient temperature for 6 months. 
 
Data for the two harvest years were combined and subjected to Pearson’s correlation 
analysis. A significant relationship between total P and phytate-P concentration of 
wheat was found (r=0.974, P<0.001). Also, total P and phytate-P content were 
significantly correlated to annual precipitation level (r=0.478, P<0.05 and r=0.503, 
P<0.05, respectively, Table 6.4). 
 
Table 6.4 Relationships (Pearson’s correlation coefficient) between precipitation level and 
phosphorus content of West Australian wheat
 (n=18) 
 Annual 
Precipitation (mm) 
Precipitation during 
growing period (mm) 
Total-P 
(g/kg) 
Phytate-P 
(g/kg) 
Precipitation during 
growing period (mm)
A 
0.865***      
Total-P (g/kg)  0.478*  0.453     
Phytate-P (g/kg)  0.503*  0.469*  0.974***   
Proportion, Phytate-P of 
total P (%) 
0.429 0.361  0.633**  0.787*** 
Phytase activity (FTU/kg)  0.096  -0.058  0.053  0.029 
AGrowing period defined as May – October. 
*P<0.05, ***P<0.001 
 
6.4 Discussion 
The wide variation in total P, phytate-P and phytase activity reported in the current 
study is in agreement with previous reviews (Ravindran et al. 1995; Weremko et al. 
1997). However, Western Australian wheats showed less phytate-P (1.79 vs. 2.70 g/kg 
DM, respectively) and more variation (1.05~3.32 vs. 1.70~3.80 g/kg DM, respectively) Chapter 6. Total-P, phytate-P and phytase activity of wheat 
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compared to world data reviewed by Ravindran et al. (1995). Phytate-P concentration 
was significantly related to total P as has been found previously (Bassiri and Nahapetian 
1977; Batten 1986; Barrier-Guillot et al. 1996), indicating the accurate predictability of 
phytate-P content from total P concentration. Use of this relationship to screen wheats 
for the possible inclusion of supplementary phytase in diets, for example, has potential 
to improve the accuracy of monogastric diet formulation. 
 
The influence of the growing environment rather than genetic influences on the 
chemical composition of various grains has long been recognised. For example, climatic 
conditions (warm and dry) had a greater influence on the water-extract viscosity of 
barley than did the cultivars themselves (Hesselman and Thomke 1982). A positive 
correlation between annual rainfall and extract viscosity of wheat was found, while the 
rainfall during the growing season was negatively correlated to extract viscosity of 
wheat (Dusel et al. 1997). 
 
Choct et al. (1999) reported that harvest year but not the growing region significantly 
influenced total, insoluble and soluble NSP content of Australian wheats. However, the 
crude protein content, which is generally influenced by soil condition and fertilizer 
application, was significantly different between growing regions. In addition, drought 
conditions have been negatively correlated to grain weight (Coles et al. 1997; 
Fernandez-Figares et al. 2000; Ahmadi and Barker 2001) and positively correlated to 
arabinoxylan content of wheat (Coles et al. 1997). Phytate content of cereals is also 
related to environmental conditions. In a study with oats, available soil phosphorus was 
positively associated with phytic acid content. The association, however, was 
significantly affected by growing season (Miller et al., 1980b). A significant effect of 
harvest year and a non-significant effect of cultivars on total P and phytate-P were 
reported using four barley cultivars (Ockenden et al. 1997), while significant effects of 
growing region and variety, along with growing season, were reported in oats (Miller et 
al., 1980a, 1980b) and triticale (Singh and Reddy, 1977). Nevertheless, the current data 
indicate that the phytate content of wheat would appear to respond to altered climatic 
conditions rather than factors inherent to the variety itself. The present study confirms 
previous data with respect to total and phytate-P content, such that growing season (i.e., 
year of harvest) rather than varietal differences appeared to determine wheat P content. 
In the present study, it is apparent that growing season affected total P and phytate P Chapter 6. Total-P, phytate-P and phytase activity of wheat 
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content of West Australian wheats while variety influenced phytase activity of the 
wheats. 
 
The positive relationship between precipitation level and total P and phytate-P content 
of the wheats confirms the importance of environmental factors on phytate content in 
wheat. Similarly, Ockenden et al. (1997) reported that phytate accumulation in barley 
was positively correlated to precipitation levels (r=0.91, P=0.01) during the growing 
season. Bassiri and Nahapetion (1977) reported irrigated condition significantly 
increased phytate-P content in wheat compared to dryland conditions. Phytase activity, 
which was influenced mainly by variety, was not correlated to precipitation level (Table 
6.3).  
 
In the present study, storage of wheat for 6 months had no significant effect on total P, 
phytate-P and phytase activity, although a slight decrease in total P and phytate-P 
content (2-5%) was observed. In barley, Ockenden et al. (1997) reported a 2% decrease 
in phytate content (P>0.05) when barley was dry stored for 3 months at 41°C. 
Furthermore, Ockenden et al. (1997) reported a significant decrease (up to 10%) in 
phytate content during storage for 3 months when the barley was kept at 41 °C and 75% 
relative humidity (RH), implicating the importance of moisture in endogenous phytase 
activation. This assumption was supported in the present study, as phytase activity did 
not change significantly in the wheats during dry storage for 6 months.  
 
6.5 Conclusion 
In conclusion, the total P and phytate-P content of a cohort of Western Australian wheat 
responded predominantly to the environment, especially the annual precipitation level. 
However, variation of phytase activity between wheats seemed due mainly to the wheat 
variety. The prediction of phytate-P from total P would be beneficial for screening 
wheat for feeding to monogastric animals, as these cannot hydrolyse nutrients bound to 
phytic acid. The endogenous phytase activity of wheat is relatively higher than other 
cereals and legumes (Selle et al. 2000). However, careful interpretation is required 
when using this data since phytase of plant origin is not effective as microbial phytase 
due to its narrow pH tolerance and is not heat resistant (pH optima of microbial phytase 
are 2.5 and 5.5, while that of wheat phytase is 5.5, Eeckhout and de Paepe 1991; 
Phillippy 1999). Chapter 6. Total-P, phytate-P and phytase activity of wheat 
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Rationale for Part B 
 
Experiments described in Part A of this thesis showed that the variety, growing region, 
growing season, and storage were significant sources of variation in determination of 
the chemical composition of wheat, which eventually influenced the DE content of the 
wheats. In the course of these experiments it became evident that insoluble xylose (r=-
0.74, P<0.03), NDF (r=-0.84, P<0.01), total-phosphorus (P) (r=-0.83, P<0.01) and 
phytate-P (r=-0.75, P<0.02) contents of wheat significantly correlated to the DE content 
of wheat (Chapter 4, Table 4.3). Also, in the stepwise regression analyses, it was found 
that the amylose content of wheats accounted 8.5 % of the DE variation (Chapter 4, 
Table 4.4). The associations between the DE content of wheat and insoluble xylose and 
NDF were previously reported in a growing pig study (Zijlstra et al., 1999). However, 
the associations between the DE content and amylose and phytate-P content have not 
been reported, although the association of phytate-P with FCR in pigs has been 
published (Selle et al., 1997). Therefore, my interest in this part of the thesis is directed 
towards these unexpected correlations (amylose and phytate-P with the DE content), 
and the following experimental designs have been formulated. 
 
The amylopectin branching from the linear amylose backbone allows loose packing of 
starch crystalline granules, which are more susceptible to endogenous α-amylase when 
fed to pigs (Black 2001). Also, mechanical grinding (i.e., fine grinding) of wheat starch 
during grain processing is known to break down the starch matrix, which markedly 
increases surface area of the diet and allows greater chance for contact with digestive 
enzymes in the gut (Mavromichalis and Hancock, 1999). This, in turn, might increase 
nutrient digestion. Therefore, my underlying hypothesis for one of the following 
experiments (Experiment 5) was that waxy wheat (absolutely amylopectin) and fine 
grinding of wheat would improve nutrient digestibility compared to a non-waxy wheat 
(75% amylopectin, 25% amylose) and coarse grinding.  
 
In another previous experiment (Experiment 2, Chapter 4), it was evident that the 
phytate-phosphorus (P) content of wheat was negatively correlated to the DE content. 
Phytic acid in wheat is known to decrease mineral and protein utilisation due to its 
ability to form phytate-mineral complexes, which are unavailable to pigs, and to its 
association with protein in the aleurone layer of wheat. Also, the possibility of an Rationale for Part B 
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association between starch and phytic acid was suggested because addition of phytase to 
a chicken diet markedly improved energy utilisation (i.e., AME value, Ravindran et al. 
1999). There was a suggestion that xylanase supplementation in a wheat-based chicken 
diet may release bound (i.e., association with structural fibre) phytic acid, which in turn 
could be detrimental to the performance and nutrient digestibility of host animals. These 
authors found that the combination of xylanase and phytase alleviated the problem 
caused by the release of phytic acid by the action of xylanase (AME and performance of 
chicken were further improved by enzyme combination than individual 
supplementation). From the previous examination (Chapter 6), I documented that 
phytate-P content of wheat ranged from 1.1 to 3.3g/kg DM. My hypothesis was that 
wheat containing a low phytate-P content would have a higher nutrient digestibility 
(starch, energy, protein and minerals), and a combination of xylanase and phytase 
would further improve nutrient digestibilities compared to the individual 
supplementation of these enzymes for weaner pigs.  
 
 
 
 191 
 
 
Chapter 7 
 
 
A Comparison of Waxy vs. Non-Waxy Wheats in Diets 
for Weaner Pigs: Effects of Particle Size, Enzyme 
Supplementation, and Collection Day on Total Tract 
Apparent Nutrient Digestibility and Pig Performance 
 
 Chapter 7. Starch structure, particle size, enzyme and nutrient digestibility  192
Chapter 7 
 
A Comparison of Waxy vs. Non-Waxy Wheats in Diets 
for Weaner Pigs: Effects of Particle Size, Enzyme 
Supplementation, and Collection Day on Total Tract 
Apparent Nutrient Digestibility and Pig Performance 
 
J.C.Kim
A, P.H.Simmins
B, B.P.Mullan
C and J.R.Pluske
AD 
 
ASchool of Veterinary and Biomedical Sciences, Murdoch University, Murdoch, WA 6150, Australia 
BDanisco Animal Nutrition, P.O Box 777, Marlborough, Wiltshire, SN8 1XN, UK 
CAnimal Research and 
Development Services, Department of Agriculture, Locked Bag No. 4, Bentley Delivery Centre, WA 
6983, Australia 
DAuthor for correspondence: Tel: +61-8-93602012 Fax: +61-8-93602487 E-mail: 
jpluske@murdoch.edu.au 
 
Abstract A 2 x 2 x 2 x 2 factorial experiment was conducted to examine effects of wheat (waxy vs. non 
waxy), particle size (mean particle size 560 micron vs. 930 micron), supplementation of enzyme (with or 
without xylanase + β-glucanase) and collection day (7 or 21 days after weaning) on total tract apparent 
nutrient digestibility and pig performance in weaner pigs (mean live weight 6.0 ±0.08). The diet was 
formulated to contain 65% wheat and other protein and energy supplements, and 0.1% titanium dioxide 
was added as an inert marker. The pigs were fed the experimental diet for 21 days, and collection of 
faeces were made for three consecutive days commencing at 7 days and 21 days after weaning. The total 
tract apparent nutrient digestibilities of starch, crude protein and energy were measured, and ANOVA 
analysis was used for statistical analyses. Waxy wheat had a higher starch digestibility (98.6 vs. 97.9%, 
P<0.05) and a higher protein digestibility (74.2 vs. 71.8%, P<0.05). The reduction in particle size of 
wheat significantly increased starch digestibility (99.0 vs.  97.4%, P<0.001). Starch digestibility was 
influenced by a particle size by collection day interaction (P<0.01), such that starch digestibility 
decreased at 21 days after weaning in a larger particle-sized wheat diet (96.7 vs. 98.1%), while collection 
day did not influence starch digestibility in a finer particle-sized diet (99.0 vs. 99.0%). However, energy 
digestibility was not influenced by different wheat type or particle size. Supplementation of xylanase 
improved starch digestibility (98.7 vs. 97.8, P<0.01) and DE content of diet (16.1 vs. 15.7 MJ/kg DM, 
P<0.05), but not other nutrients. However, the efficacy of enzyme on DE content of the diet was 
influenced by a wheat by enzyme interaction (P<0.05), such that enzyme more effectively improved DE 
content with the waxy wheat (16.3 vs. 15.6 MJ/kg DM) compared to the non-waxy wheat (15.8 vs. 15.8 
MJ/kg DM). Crude protein digestibility was increased at day 21 compared to that at day 7 (74.4 vs. 
71.7%, P<0.05). However, crude protein digestibility was influenced by a particle size by enzyme 
interaction (P<0.01), such that enzyme supplementation increase CP digestibility in a larger particle-sized Chapter 7. Starch structure, particle size, enzyme and nutrient digestibility  193
diet (74.3 vs. 71.9%), while it decreased CP digestibility in a finer particle-sized diet (70.8 vs. 75.1%). No 
significant effects of wheat, particle size, and enzyme were observed on daily gain, feed intake and feed 
efficiency, although a wheat x enzyme interaction for daily gain (P<0.05) and a wheat x particle size x 
enzyme interaction for feed intake (P<0.05) was observed. In conclusion, waxy wheat, a finer particle size 
and enzyme supplementation were beneficial for starch digestibility, and pigs tended to increase the 
ability to digest protein with increasing age. 
 
Key wards: Waxy wheat, particle size, xylanase, collection day, digestibility, weaner pigs 
 
7.1 Introduction 
Wheat is the most common cereal fed to weaner pigs in some countries due to its high 
protein content and lower cost per MJ of digestible energy than other cereals. Starch 
provides the major energy contribution to pigs fed wheat-based diets. The amylose in 
starch consists of α-(1,4)-linked glucose units that form tight helical structures making 
the bonds comparatively inaccessible to amylases. In contrast, the amylopectin contains 
some α-(1,6)-linked glucose units that produce branches in the molecule that are more 
susceptible to enzymatic cleavage. This difference in chemical arrangement between 
amylose and amylopectin causes cereals higher in amylose to be less digestible than 
those containing more amylopectin (Black, 2001). Using sorghum, however, van 
Barneveld et al. (2001) reported that a reduction in the amylose content of starch in 
sorghum did not significantly improve the ileal or faecal DE content of a waxy sorghum 
isoline fed to grower pigs (35-40kg LW). The total tract starch digestibility of a waxy 
barley (high in amylopectin) was found to be 10% higher than that of a normal barley in 
broiler chickens (Ankrah et al., 1999). However, significant decreases in gain and feed 
efficiency were reported in broiler chickens fed a waxy barley compared with the 
chickens fed a normal barley, although the differences disppeared when β-glucanase 
was supplemented (Newman and Newman, 1987). Pigs (24kg) fed a waxy barley isoline 
improved daily gain and feed conversion efficiency (Calvert et al., 1977), and waxy 
corn improved growth rate when compared to normal corn in growing pigs (Hanson, 
1946, Cohen and Tanksley Jr, 1973). Also, in human subjects, high amylose products 
have been found to induce low blood glucose and insulin responses when compared to 
products high in amylopectin (Krezowski et al., 1987, Behall et al., 1988, Miller et al., 
1992).  
 
Grinding of wheat to the particle size of 600 µm improved feed efficiency and dry 
matter digestibility when compared to 1300 µm and 400 µm in weaner pigs Chapter 7. Starch structure, particle size, enzyme and nutrient digestibility  194
(Marvromichalis et al., 2000). Also, an improvement in protein and energy digestibility 
along with an improvement in feed conversion ratio was observed in corn- and 
sorghum-based diets ground to 700 µm compared to 1000 µm in weaner pigs (Ohh et 
al., 1983). A more comprehensive study examining the effect of particles size in weaner 
pig diets was made by Healy et al. (1994), and the authors concluded that a particle size 
of 500 µm was better than diets of 300, 700 and 900 µm in terms of pig performance.  
 
In addition, it appears that nutrient digestibility improves with increasing age of the pig 
(Roth and Kirchgessner, 1984; Bell and Keith, 1989). Increased digestive capacity of 
pigs with increasing live weight has been reported (Cunningham et al., 1962; Kass et 
al., 1980; Fernandez et al., 1986). For example, Nielsen (1962, cited in Fernandez et al., 
1986) observed that the small intestine continued to develop until the pig’s live weight 
reached 20kg, while the hindgut was still growing at 150kg. It is likely that increasing 
pig age might enhance development of digestive and absorptive capacity in the small 
intestine and enhance colonisation of carbohydrate-degrading microorganisms in the 
large intestine, which most likely results in older pigs being able to extract more energy 
from a wheat-based diet (Just 1982a,b; Just et al., 1983; Fernandez et al., 1986).  
 
However, no experiment with weaner pigs investigating the simultaneous effects of 
wheat, particle size, enzyme supplementation and collection day on nutrient digestibility 
and pig performance has been conducted. Interactions between those variables might 
help to explain some of the results reported in the literature, as well as increase furthur 
understanding of feed-related factors affecting the production of the weaner pig.  
 
The hypotheses tested in this experiment were: 1) pigs will digest more starch from a 
high amylopectin wheat (waxy) than from a normal wheat isoline; 2) digestibility of 
nutrients will be improved by decreasing particle size of wheat; 3) digestibility of 
nutrients will be improved by NSP-degrading enzyme supplementation; and 4) the 
digestibility of nutrients will increase at 3 weeks after weaning when compared to that 
at week after weaning. 
 
7.2 Materials and Methods 
7.2.1 Experimental design  
A 2 x 2 x 2 x 2 factorial experiment was conducted with the respective factors being: 
wheat (wheat variety Janz, waxy vs. non-waxy), particle size (mean particle size 560 Chapter 7. Starch structure, particle size, enzyme and nutrient digestibility  195
µm vs. 930 µm), enzyme supplementation (Grindazyme™ GP5000, minimum activity 
5000 U/g
-1 endo-1,4-β-glucanase and 12000 U/g
-1 endo-1,4-β-xylanase; Danisco 
Animal Nutrition, UK) and collection day (7 days vs. 21days after weaning), to 
determine total tract nutrient digestibility and pig performance in weaner pigs. The Janz 
wheats were grown under identical agronomic conditions at Narrabri, NSW. The 
Murdoch University Animal Ethics Committee and the Animal Ethics and 
Experimentation Committee of the WA Department of Agriculture approved this 
experiment. 
 
7.2.2 Animal, Diet, Feeding, Sample Collection  
Forty-eight male pigs (Large White x Landrace) weaned at approximately 21 days of 
age were obtained at weaning from a commercial supplier (Wandalup Farms, 
Mandurah, WA). The average live weight of pigs was 6.0 ±0.08 kg. Pigs were 
transported from the supplier to the Medina Research Centre. Upon arrival, the pigs 
were kept in individual wire-mesh floored metabolism crates in a metabolism room 
where the temperature was maintained as constant as possible (27 ± 1°C). Water was 
freely accessible during the whole experiment through a nipple drinker set in each crate. 
The pigs were weighed and randomly allocated to each treatment according to their live 
weight. From the time of arrival, the pigs were offered their respective experimental diet 
ad libitum for a 3-week feeding trial. The diets were offered twice daily at 0800 and 
1600 h. The diet composition is presented in Table 7.1. Titanium dioxide was added as 
an inert marker for nutrient digestibility estimation. The pigs were weighed every week 
and feed intake was recorded on a weekly basis. The faecal samples were collected at 
0800, 1000, 1200, 1400, 1600 h for 3 days in the week after weaning and again in the 
third week after weaning, to examine nutrient digestibility. The samples were kept at –
20 ºC and later thawed, mixed, freeze-dried and ground through a laboratory hammer 
mill (1 mm screen) prior to chemical analysis. 
 
7.2.3 Chemical analyses  
The dry matter (DM), nitrogen (N), gross energy (GE), total starch, amylose, 
amylopectin, fast digestible starch, total phosphorus (P) and NSP content of each wheat 
were determined as described previously (Kim et al., 2003, refer to Chapter 2). The 
DM, GE, N, starch, and TiO2 content of diet and faecal samples were determined for 
estimation of apparent digestibilities of GE, N, and starch. The GE content of wheat, 
diet, and faecal samples was determined using a Ballistic Bomb Calorimeter (SANYO Chapter 7. Starch structure, particle size, enzyme and nutrient digestibility  196
Gallenkamp, Loughborough, UK). The TiO2 contents of diet and feacal samples were 
determined using the method described by Short et al. (1996). The digestible energy 
(DE) content of diet was calculated from the GE content of diet and energy digestibility 
on dry matter basis. 
 
Table 7.1. The composition of the experimental diet fed to weaner pigs (g/kg, air-dry basis) 
Ingredients Diet 
Wheat   653.2 
Soybean meal  100 
Whole whey  41.6 
Fish meal  70.0 
Meat and bone meal  86.4 
Canola oil  38.0 
Lysine 4.50 
Methionine 1.00 
Threonine 1.90 
Tryptophan 0.50 
Choline Chloride  0.40 
Salt 1.00 
Vitamine/Mineral mix
A 1.50 
Enzyme
B 0.50 
Titanium dioxide (TiO2, marker)
C 1.00 
Calculated nutrient composition   
DE (MJ/kg)  14.5 
Available Lysine (g/MJ)  0.8 
AProvided the following nutrients (per kg of air-dry diet): 
Vitamins: A 1500 IU, D3 300 IU, E 37.5 mg, K 2.5 mg, B1 1.5 mg, B2 6.25 mg, B6 3 mg, B12 37.5 µg, Calcium pantothenate 25 mg, 
Folic acid 0.5 mg, Niacin 30 mg, Biotin 75 µg.  
Minerals: Co 0.5 mg (as cobalt sulphate), Cu 25 mg (as copper sulphate), Iodine 1.25 mg (as potassium iodine), Iron 150 mg (as 
Ferrous sulphate), Mn 100 mg (as Manganous oxide), Se 0.5 mg (as Sodium Selenite), Zn 0.25 mg (as zinc oxide). (Hogro Bronze 
Weaner and Grower, Rhone-Poulenc Animal Nutrition Pty Ltd., Queensland, Australia). 
BGrindazyme™ GP5000 (minimum activity 5000 U/g
-1 endo-1,4-beta-glucanase and 12000 U/g
-1 endo-1,4-beta-xylanase; Danisco 
Animal Nutrition, UK). 
C Titanium dioxide (TiO2; Sigma Chemical Company, St. Louis, MO, USA) 
 
7.2.4 Statistics  
For nutrient digestibility the treatment effects were assessed by analysis of variance for 
a factorial arrangement with the main effects being wheat, particle size, enzyme 
supplementation and collection day. For pig performance the treatment effects were 
assessed by analysis of variance for a factorial arrangement with the main effects being 
wheat, particle size and enzyme supplementation. The effects were considered as fixed 
effects in the model. Fisher’s Protected-LSD comparisons were used (at 5% significance 
level) for comparison of nutrient digestibility and pig performance indices between Chapter 7. Starch structure, particle size, enzyme and nutrient digestibility  197
mean values of different variables. All statistical analyses were conducted using the 
statistical package StatView 5.0 for Windows (AddSoft Pty. Ltd., Woodend, Vic., 
Australia). 
 
7.3 Results 
7.3.1 Chemical composition of waxy and non-waxy wheat  
The chemical composition of waxy and non-waxy wheat is presented in Table 7.2.  
 
Table 7.2. Chemical composition (g/kg DM) of waxy and non-waxy Janz 
Wheat  Waxy Janz  Non-waxy Janz 
Dry matter (%)  88.41  87.73 
Crude Protein
 (Nx5.83)   170.2  166.5 
Total starch   591.3  657.2 
Fast Digestible Starch   311.0  212.6 
Amylose   14.6  192.8 
Amylopectin   576.7  464.4 
Amylose: Amylopectin  0.03  0.42 
GE (MJ/kg DM)  18.61  18.41 
Acid detergent fibre  29.3  27.4 
Total NSP   87.2  70.8 
Total arabinoxylans  62.3  52.9 
Total arabinose: xylose  0.92  1.13 
Insoluble NSP   60.4  47.5 
Insoluble arabinoxylans  43.4  38.2 
Insoluble arabinose: xylose  0.87  1.11 
Soluble NSP   26.8  23.4 
Soluble arabinoxylans  18.9  14.7 
Soluble arabinose: xylose  1.08  1.18 
Free sugars  55.4  22.8 
Available carbohydrates  755.6  759.3 
Total Phosphorus   3.1  3.8 
In vitro extract viscosity (mPa.s)  12.0  7.21 
 
The contents of CP, total-P and GE of waxy and non-waxy wheats were similar, while 
the waxy wheat contained less total starch than the non-waxy wheat (59.1 vs. 65.7%). 
While the starch of the non-waxy wheat consists of 29% amylose and 71% amylopectin, 
that of the waxy isoline was almost exclusively amylopectin (97%). Consequently, the 
amylose: amylopectin ratio was lower in the waxy isoline (0.03 vs. 0.42), and the 
content of FDS was higher in the waxy wheat. The total NSP content was higher in the 
waxy wheat isoline (8.7% vs. 7.1%, DM) than that for the non-waxy wheat. Also, in 
vitro extract viscosity of wheat was higher in the waxy isoline compared to the non-
waxy isoline (12.0 vs. 7.21 mPa.s). 
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7.3.2 Summary of statistical significance between wheat, particle size, 
enzyme and collection day  
The effects of wheat, particle size, enzyme supplementation and collection day on 
digestibility coefficients of nutrients are presented in Table 7.3.  
 
Table 7.3 Effects of wheat, particle size, enzyme supplementation and collection day on nutrient 
digestibility determined with 21-day-old male weaner pigs (n=6) 
Digestibility coefficient of 
Wheat 
Particle 
size  Enzyme 
Collection day 
(post-weaning)  Starch Energy Crude  protein 
DE  
(MJ/kg DM) 
7 97.1
b 75.1
a 69.0
ab 15.8
ab  - 
21 95.4
a 74.5
a 73.2
b 15.6
ab 
7 98.8
bc 76.2
a 73.1
b 16.3
b 
Coarse 
930 µm  +  21 96.9
ab 75.1
a 74.1
b 16.1
ab 
7 98.2
bc 76.3
a 72.9
b 15.8
ab  - 
21 98.5
bc 77.7
a 75.9
b 16.1
ab 
7 99.0
c 72.6
ab 65.1
a 15.2
a 
Normal 
Janz 
Fine 
560 µm  +  21 99.2
c 75.0
a 72.4
b 15.7
ab 
7 97.8
bc 73.2
a 71.8
b 15.5
a  - 
21 96.9
ab 74.4
a 74.2
b 15.7
ab 
7 98.9
c 76.8
a 75.1
bc 16.5
b 
Coarse 
930 µm  +  21 97.7
bc 74.6
a 74.5
b 16.0
ab 
7 99.2
c 76.9
a 76.2
bc 15.7
ab  - 
21 99.2
c 75.7
a 75.9
bc 15.4
a 
7 99.4
c 76.3
a 70.7
b 16.3
b 
Waxy 
Janz 
Fine 
560 µm  +  21 99.3
c 77.1
a 75.2b
c 16.4
b 
Pooled Mean  98.3  75.5  73.0  15.9 
Pooled SEM  0.17  0.40  0.56  0.09 
Statistics       Significance
A 
Wheat *  NS  *  NS 
Particle size  ***  NS  NS  NS 
Enzyme **  NS  NS  * 
Collection day  *  NS  **  NS 
Wheat x Enzyme  NS  0.17  NS  * 
Particle size x Collection day  **  NS  NS  NS 
Particle size x Enzyme  0.10  0.10  **  NS 
ASignificance level: NS: non-significant, *P<0.05, **P<0.01, ***P<0.001; the other interactions were not significant. 
Values within a column without common superscripts are significantly different (P<0.05). 
 
7.3.2.1 Starch digestibility 
Starch digestibility was higher in the waxy wheat compared to that of the non-waxy 
wheat (98.6 vs. 97.9%, P<0.05), and tended to be higher in the waxy wheat at both 7 
days after weaning (98.9 vs. 98.2, P<0.06) and 21 days after weaning (98.3 vs. 97.6, 
P<0.06). A reduction in particle size from 930 µm to 560 µm improved starch 
digestibility at both 7 days after weaning (99.0 vs. 98.1, P<0.01) and at 21 days after 
weaning (99.1 vs. 96.7, P<0.001). Also, supplementation of xylanase plus β-glucanase 
tended to improve starch digestibility at 7 days after weaning (99.0 vs. 98.1, P<0.09) 
and improved starch digestibility at 21 days after weaning (98.4 vs. 97.5, P<0.01). Chapter 7. Starch structure, particle size, enzyme and nutrient digestibility  199
Starch digestibility was influenced by a particle size by collection day interaction 
(P<0.01, Figure 7.1), such that starch digestibility decreased at 21 days after weaning in 
a larger particle-sized wheat diet (96.7 vs.  98.1%), while collection day did not 
influence starch digestibility in the finer particle-sized diet (99.0 vs. 99.0%). Also, 
starch digestibility tended to be influenced by a particle size by enzyme interaction, 
such that enzyme improved starch digestibility more effectively with a larger particle-
sized diet (98.1 vs. 96.7%) than with a finer particle-sized diet (99.2 vs. 98.9%, P<0.10). 
However, the particle size by enzyme interaction tended to influence starch digestibility 
at 7 days after weaning (P<0.09) but not at 21 days after weaning. 
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Figure 7.1. Interaction plots for a) particle size and collection day for starch digestibility, and b) 
particle size and enzyme supplementation, for crude protein digestibility 
 
 
7.3.2.2 Energy digestibility 
Energy digestibility was not influenced by any of the variables tested in the current 
study. However, energy digestibility tended to be influenced by a wheat by enzyme 
interaction (P<0.17), such that enzyme increased energy digestibility in waxy wheat 
(76.2 vs. 75.2%), while it decreased energy digestibility in non-waxy wheat (74.5 vs. 
75.9%). Also, energy digestibility tended to be influenced by a particle size by enzyme 
interaction (P<0.10), such that enzyme increased energy digestibility with a larger 
particle-sized diet (75.7 vs. 74.3%), while it decreased energy digestibility with a finer 
particle-sized diet (75.3 vs. 76.6%). However, the particle size by enzyme interaction 
tended to influence energy digestibility at 7 days after weaning (P<0.08) but not at 21 
days after weaning. The DE content of the diet was increased by the enzyme (16.1 vs. 
15.7 MJ/kg DM, P<0.05). However, the DE content was influenced by a wheat by 
enzyme interaction (P<0.05; see Figure 7.2), such that enzyme improved DE content in 
a) 
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waxy wheat (16.3 vs. 15.6 MJ/kg DM) but not in non-waxy wheat (15.8 vs. 15.8 MJ/kg 
DM). Also, DE content of the diet tended to be influenced by a particle size by enzyme 
interaction (P<0.15) at 7 days post-weaning, such that enzyme increased energy 
digestibility with a larger particle-sized diet (16.4 vs. 15.6 MJ/kg DM), while it did not 
change energy digestibility with a finer particle-sized diet (15.7 vs. 15.7 MJ/kg DM). 
However, DE content of the diet was not influenced by the particle size by enzyme 
interaction at 21 days after weaning. 
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Figure 7.2. Interaction plots for wheat and enzyme for DE content of diet at a) 7 days post-weaning, 
and b) at 21 days post-weaning 
 
7.3.2.3 Crude protein digestibility 
The CP digestibility was higher in the waxy wheat compared to the non-waxy wheat 
(74.2 vs. 71.8%, P<0.05). The CP digestibility tended to be higher in the waxy wheat at 
both 7 days after weaning (73.5 vs. 69.7, P<0.07) and 21 days after weaning (75.0 vs. 
73.9, P<0.07). Crude protein digestibility at 7 days after weaning was influenced by a 
particle size by enzyme interaction (P<0.01), such that enzyme improved CP 
digestibility with the larger particle-sized diet (74.3 vs. 70.2%) while it decreased CP 
digestibility with the finer particle-sized diet (67.9 vs. 74.5%). Such interactions were 
not significant at 21 days after weaning. The CP digestibility was higher at 21 days after 
weaning than 7 days after weaning (74.4 vs. 71.7%, P<0.05).  
 
7.3.3 Effects of wheat, particle size and enzyme supplementation on 
performance of pigs 
The effects of wheat, particle size and enzyme supplementation on the performance of 
pigs are presented in Table 7.4.  
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Table 7.4 Effects of wheat, particle size and enzyme on performance of pigs determined with male 
weaner pigs aged 28-day to 49-day
A 
Live weight (kg)  Performance 
Wheat 
Particle 
size  Enzyme  Initial  Final  DG (g/day)  DFI (g/day)  FCR (%) 
- 6.07  14.42 499
b 664
a 1.34
a  Coarse 
930 µm  +  5.96 13.06  407
ab 642
ab 1.59
b 
- 5.95  14.33 478
b 719
b 1.54
b 
Normal 
Janz  Fine 
560 µm  +  5.98 12.57  389
ab 573
ab 1.51
ab 
- 5.93  14.03 473
b 652
ab 1.38
ab  Coarse 
930 µm  +  6.08 13.18  427
ab 597
ab 1.41
ab 
- 5.97  11.50 349
a 523
a 1.50
ab 
Waxy 
Janz  Fine 
560 µm  +  5.92 13.60  444
ab 645
ab 1.47
ab 
Pooled mean  6.0  13.2  428  624  1.51 
Pooled SEM  0.08  0.30  15.7  18.7  0.05 
Statistics Significance 
Wheat NS  NS  NS 
Particle size  NS  NS  NS 
Enzyme NS  NS  NS 
Wheat x Enzyme  *  0.10  NS 
Particle size x Enzyme  NS  NS  0.09 
Wheat x Particle size x Enzyme  NS  *  NS 
AEach value represents mean frorn 6  pigs. 
BSignificance level: NS: non-significant, *P<0.05 
Abbreviations used: Wt: weight, DG: daily gain, DFI: daily feed intake, FCR: feed conversion ratio. 
Values within a column without common superscripts are significantly different (P<0.05). 
 
A wheat x enzyme interaction (P<0.05) for daily gain was observed, such that enzyme 
improved daily gain in the waxy wheat (435 vs. 412 g/day, P>0.05) while the enzyme 
decreased daily gain in the non-waxy wheat (370 vs. 489 g/day, P<0.05). Also, a wheat 
x particle size x enzyme interaction (P<0.05) for feed intake was observed, such that 
enzyme improved daily feed intake in the waxy and finer particle-sized wheat 
combination (645 vs. 523 g/day, P>0.05), while daily feed intake decreased with 
enzyme supplementation in the waxy and larger particle-sized wheat combination and in 
the non-waxy wheat regardless of particle size (Table 7.4). 
 
7.4 Discussion 
7.4.1 Chemical composition of waxy and non-waxy wheat  
The chemical composition in waxy vs. non-waxy wheats has not previously been 
reported in the literature. A comprehensive comparison of the chemical composition of 
waxy and non-waxy barley showed that the waxy isoline contained 10% less starch 
while CP content was the same (Xue et al., 1997). In the current study, waxy wheat 
contained 7% less starch while CP content remained the same, which are in agreement 
with the findings in barley. The total starch proportion of a non-waxy corn consisted of 
25% amylose and 75% amylopectin whereas the total starch content of a waxy corn was Chapter 7. Starch structure, particle size, enzyme and nutrient digestibility  202
absolutely amylopectin (Rosa et al., 1977). Similar results were found in the barley 
study, with non-waxy barley consisting of 26-29% amylose and waxy barley consisting 
of only 1.5% amylose (Calvert et al., 1977). 
 
In my study, waxy wheat contained 2% amylose while the non-waxy wheat contained 
29% amylose. Black (2001) indicated that amylose, which has long chain α-1,4-
glucosidic links, forms a tight helical structure making the bonds comparatively 
inaccessible to amylases, whereas amylopectin, which contains some α-1,6-links, is 
more susceptible to enzymic cleavage. As evidence, an increase of the waxy gene 
(recessive waxy allele) in barley increased in vitro starch and 24-hour dry matter 
digestibilities (Lightenwalner et al., 1978). In the current study, waxy wheat had a 46% 
higher FDS content than the non-waxy wheat, indicating starch with a higher 
amylopectin is more digestible in vitro by α-amylase plus amyloglucosidase. However, 
some reports suggest that a high dietary fibre content may be associated with the waxy 
trait in barley, as increased total and soluble β-glucan and dietary fibre content, and 
consequently a higher in vitro extract viscosity has been found in comparison to non-
waxy barley (Newman and Newman, 1987; Oscarsson et al., 1996; Xue et al., 1991, 
1997). In the current study, the wheats used generally concur with results shown in 
barley such that the waxy wheat contained a higher FDS, NSP content and in vitro 
extract viscosity due to higher soluble NSP content than non-waxy wheat. 
 
7.4.2 Effect of wheat (waxy vs. non-waxy) on nutrient digestibility and 
pig performance  
Hanson (1946) compared waxy and non-waxy maize in growing pigs and found slightly 
more efficient daily gains and increased feed intake in the waxy-maize fed group. Also, 
Calvert et al. (1977) found significant improvements in daily gain (P<0.01) and FCR 
(P<0.01) in 24-kg-pigs fed waxy barley compared to the pigs fed normal barley. Using 
waxy and non-waxy sorghum, Cohen and Tanksley (1973) reported slightly decreased 
faecal protein digestibility in waxy-sorghum fed pigs (77.8 vs.  79.6%), while gross 
energy digestibility and DE content were the same. However, in this particular study, 
the pigs fed waxy sorghum improved their daily gain (1.07 vs. 0.96 kg) and FCR (2.35 
vs. 2.63). In another study with 9-kg pigs, waxy or non-waxy sorghum had no influence 
on pig performance while the tannin content (high tannin vs. low tannin sorghum) was 
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1987; Moss et al., 1983; Ankrah et al., 1999; Bergh et al., 1999) in chickens has been 
shown to be inferior in terms of performance to non-waxy grains. The inferior 
performance observed in chickens fed waxy barley was most likely due to the higher β-
glucan content and higher viscosity of the waxy barley than that of normal barley, 
because addition of β-glucanase ameliorated the performance difference between the 
two barleys (Newman and Newman, 1987; Ankrah et al., 1999; Bergh et al., 1999). A 
study with 30-kg gilts compared normal and waxy maize, and found that ileal and faecal 
digestibilities of dry matter and starch did not differ regardless of starch structure, 
although ileal (69.2 vs.  65.8%) and faecal (80.3 vs. 75.9%) CP digestibilities were 
higher in pigs fed waxy maize (Szelényi-Galántai et al., 1996).  
 
In the current study, the total tract digestibility of starch was significantly higher and CP 
digestibility tended to be higher in the waxy wheat, however, this was not reflected in 
growth and feed intake. The DE content of diet and energy digestibility were not 
influenced by wheat type. This is in agreement with a waxy maize study (Rosa et al., 
1977), which found no improvements in pig performance, while energy and nitrogen 
digestibilities of waxy maize increased by 4.9% and 5.6%, respectively, compared to 
normal maize. Also, improved ileal starch (87% vs. 72%), CP (49% vs. 12%) and faecal 
CP (80% vs. 77%) digestibilities were reported in a waxy-barley-based diet for weaner 
pigs compared to a normal barley. However, the performance of pigs was not influenced 
by starch type in the barley study (Lindberg et al., 2003), which is in agreement with the 
current study. In this particular barley study, the daily gain (473 vs. 508g/day) and FCR 
(1.74 vs. 1.61) of pigs fed waxy barley were depressed compared to pigs fed normal 
barley, although the depression was not statistically significant. An in vitro study 
showed that waxy maize starch is more susceptible to enzymatic hydrolysis than non-
waxy maize (Sandstedt et al., 1962), however, this did not translate to improved pig 
performance in a maize study (Rosa et al., 1977), barley study (Lindberg et al., 2003), 
nor in the current wheat study in pigs. Unfortunately, the maize study (Rosa et al., 
1977) did not examine difference in NSP content between waxy and normal maize. 
However, the study of Lindberg et al. (2003) found a higher total-β-glucan content in 
the waxy barley than in the normal barley (54g vs. 40g, air dry basis). The inferior 
performance in waxy-wheat-fed pigs in the current study is most likely due to the higher 
NSP content in the waxy wheat (Table 7.2). Also, even though the starch in the waxy 
wheat is more digestible than that of normal wheat, the small improvement in starch 
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because the pig’s ability to digest starch at the terminal ileum, even in the young, is high 
(>97% at 31 days of age; Freire et al., 1988). Another possible reason for the decreased 
pig performance in waxy-wheat-fed pigs is that the waxy wheat contains a lower total 
starch content than normal wheat (Table 7.2). Since the experimental diets were 
formulated without adjustment for the different starch content of wheats, it is possible 
that waxy wheat may have supplied less starch to the pigs.  
 
7.4.3 Effect of particle size and collection day on nutrient digestibility 
and pig performance  
Improvements in protein and energy digestibilities were observed when the particle size 
of corn and sorghum in diets was reduced from 1,000 µm to 700 µm in weanling pigs 
(Ohh et al., 1983). Also, Wondra et al. (1995) found that reducing particle size of corn 
from 1,000 to 400 µm improved FCR by 8% and digestibility of GE by 7% in finishing 
pigs. However, Healy et al. (1994) found that reducing particle size did not improve 
growth rate of weanling pigs, and feed intake decreased as the particle size reduced 
from 900 µm to 300 µm. In this particular study, the authors found a grain source by 
particle size interaction such that pigs fed corn responded to particle size reduction more 
than pigs fed the sorghum. Therefore, different grains might have different responses to 
a reduction in particle size. In a study with a barley- and field-pea-based diet in 25 kg 
grower pigs, significant increases in DM, GE, N digestibility and DE content were 
found when particle size was reduced from 700µm to 400µm, but these nutrients were 
more digestible in a 850-µm diet than in a 700-µm diet (Oryschak et al., 2002). The pig 
performance data of this particular study were not provided. In a wheat study, weaner 
pigs responded better (daily gain and DM digestibility) to a particle size of 600 µm than 
either 1,300 and 400 µm, suggesting an optimum particle size of 600 µm 
(Mavromichalis et al., 2000).  
 
In the current study, a finer particle size significantly improved starch digestibility at 
both 7 days and 21 days after weaning. When the ground wheat was sieved using the 
US #12 (>1700µm) screen, 30% of wheat in the larger particle size treatment was intact 
or half broken, while only 7% of wheat in the finer particle size treatment was intact or 
half broken. Increased appearance of starch in the faeces of the larger particle-sized diet 
was mainly due to this higher percentage of unground wheat, as they were sighted in 
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significantly influenced by a particle size x collection day interaction (P<0.01, Figure 
7.1), such that starch digestibility was not influenced by the collection day in the finer 
particle-sized wheat, while starch digestibility in the larger particle-sized wheat was 
higher on day 7 than day 21. However, the starch digestibilities in the larger particle-
sized diet on day 7 and in the finer particle-sized diet regardless of collection day were 
not different. A similar observation was reported in a pig trial feeding whole wheat 
without grinding (Ivan et al., 1974). In this study, the faecal digestibilities of DM (79 
vs. 73%), GE (78 vs. 72%) and N (81 vs. 70%) were higher in 15-kg pigs than in 59-kg 
pigs when whole wheat (90%) with supplements (10% fish meal and vit/mineral mix) 
was fed. The authors found that eating time in small pigs fed whole wheat was 
significantly higher compared to ground wheat (51 min. vs. 17 min.). Although the 
eating time was not recorded in the current study, it is possible that smaller pigs (7 days 
post weaning) ate the larger particle-sized diet more slowly than the finer particle-sized 
diet that allowed more time for mastication and digestion in the mouth than that of older 
pigs (21 days post weaning). This is further supported because starch digestibilities on 
day 7 after weaning were similar regardless of particle size. Also, there was a consistent 
tendency for reduced particle size to improve energy and protein digestibilities.  
 
In the current study, the coefficient of protein digestibility at the faecal level was 
improved at 21 days (P<0.05) compared to 7 days after weaning, while starch and 
energy digestibility were not influenced by the collection day. It has been reported that a 
pig’s ability to digest starch (starch source from barley, wheat and tapioca) at the 
terminal ileum, even in the young, is high (>97% at 31 days of age; Freire et al., 1988), 
indicating pancreatic amylases and brush boarder amylogucosidase are active enough to 
digest starch at 7 days agter weaning. In contrast, the pancreatic protease and brush 
border peptidases, such as aminopeptidase and dipeptidase, are known to increase 
significantly in the first few weeks after weaning. For example, total trypsin activity per 
gram of pancreas was increased three-fold between weaning and two weeks after 
weaning, while amylase activity per gram of pancreas did not change between weaning 
and 2 weeks post weaning (Cranwell et al., 1997; Pluske et al., 2003). Also, 2.7-fold 
and 1.7-fold increases in aminopeptidase and dipeptidase per unit body weight, 
respectively, in the brush border were reported between weaning and two weeks after 
weaning (Tarvid et al., 1995). Therefore, increased CP digestibility at 21 days after 
weaning in the current study was most likely due to the chronological increase in the 
development of pancreatic and small intestinal proteases.  Chapter 7. Starch structure, particle size, enzyme and nutrient digestibility  206
 
In the current study, it is likely that reduced particle size improved the contact of 
nutrients with endogenous enzymes and hence increased digestibilities of nutrients. 
However, reduced particle size consistently depressed pig performance, although the 
difference was not significant (Table 7.4). This is in agreement with studies by Healy et 
al. (1994) and Medel et al. (2000). Healy et al. (1994) found increased GE and DM 
digestibility as the particle size of sorghum reduced from 900 µm to 300 µm, while 
daily gain and feed intake linearly decreased with a reduction in particle size. In a wheat 
trial, Seerley et al. (1988) found that a larger particle size (1700 µm) significantly 
improved daily gain (P<0.05) and improved FCR by 6% in finishing pigs compared to 
finer particle size (860 µm). Also, Mavromichalis et al. (2000) found decreased pig 
performance in weanling pigs fed a 400- µm wheat than a 600- µm wheat. Therefore, 
the results of the current study and the previous literature indicate that particle size of 
wheat is optimum at 600 to 700 µm, and both finer or coarser particle size can be 
deleterious for weaner pigs. 
 
7.4.4 Effects of enzyme supplementation and interactions with wheat 
and particle size on nutrient digestibilities and pig performance  
The addition of the enzyme mixture (β-glucanase and xylanase) significantly improved 
starch digestibility 7 days after weaning, and the tendency remained at 21 days after 
weaning. The effect of enzyme on starch, energy and CP digestibilities was more 
effective in normal wheat than in waxy wheat, and in the larger particle-sized diet than 
in the finer particle-sized diet. Also, efficacy of the enzyme on DE content of the diet 
was more effective in the diet of larger particle size than in the finer particle-sized diet. 
However, these improvements did not translate to improved pig performance. A similar 
observation was reported in a study with waxy barley, where addition of an enzyme 
mixture (β-glucanase and xylanase) improved total tract CP digestibility (82 vs. 78%) 
but the pig performance was not affected (Lindberg et al., 2003). Rather, the 
performance of pigs is likely to be influenced by many other factors since a wheat by 
enzyme interaction for daily gain and a wheat by particle size by enzyme interaction for 
feed intake were observed in the current study. An interesting finding was that the CP 
digestibility was significantly (P<0.01) influenced, and starch, energy digestibilities and 
DE content tended to be influenced by a particle size by enzyme supplementation 
interaction. The enzyme improved starch, CP, energy digestibilities and DE content in a 
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supplementation in the finer particle-sized diet, at 7 day after weaning but not at 21 day 
after weaning. In a barley study, an enzyme by particle size interaction for energy 
digestibility was found, such that a carbohydrase significantly increased energy 
digestibility in a larger particle-sized (850µm) diet, while the enzyme decreased energy 
digestibility in the finer particle-sized diet, in 25-kg pigs (700µm; Oryschak et al., 
2002). Also, the DE content of barley-based diet was significantly improved in a diet 
with larger particle size by supplementation of enzyme (15.1 vs. 14.5 MJ/kg DM), while 
enzyme did not improve DE content in a diet with finer particle size (400µm, 700µm; 
Oryschak et al., 2002). Similar observations were reported in weaner pigs fed wheat, 
where xylanase supplementation improved FCR in coarse ground wheat (1,300 µm) but 
not in fine ground wheats (600 or 400 µm; Mavromichalis et al., 2000). These results 
are most likely due to the cell walls of coarsely-ground wheat being less disrupted, and 
hence the efficacy of cell-wall degrading enzymes may be more effective compared to 
more finely-ground wheat. Therefore, the efficacy of xylanase in wheat-based diets is 
likely to be influenced by the particle size. The age-related difference of the influence of 
particle size on efficacy of enzyme (significant at 7 days but not at 21 days) observed in 
my study indicates that pigs around weaning are influenced more by a particle size by 
enzyme interaction for CP digestibility than pigs at around 21 days after weaning.  
 
Gastric emptying is an additional consideration. In a barley study with grower/finisher 
pigs (20 – 90kg), gastric emptying (measured as % DM in stomach content) in a finely-
ground, barley-based diet was faster compared to a coarsely-ground, barley-based diet 
(30% higher DM in stomach content of 700µm diet compared to 290µm diet; 
Simonsson and Björklund, 1978). Therefore, longer retention of larger particle size diets 
in the gastrointestinal tract may have provided longer exposure time to added 
carbohydrase. Consequently, improved nutrient digestibility with xylanase in wheat of 
larger particle size in the current and previous studies (Mavromichalis et al., 2000; 
Oryschak et al., 2002) are attributable, at least partly, to increased exposure time to 
xylanase mediated by delayed gastric emptying.  
 
In the current study, the DE content of the diet and daily gain significantly improved by 
supplementation of enzyme in the waxy-wheat diet but not in the non-waxy wheat diet. 
Similar observations were reported in waxy-barley-fed chickens, where 
supplementation of β-glucanase improved daily gain and feed efficiency (Newman and 
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than in normal grains (i.e., wheat and barley). Threfore, the improvements in daily gain 
and DE content of the waxy wheat-based diet with supplemental enzyme observed in 
the current wheat study, and in previous barley-fed chicken studies, is most likely due to 
the higher NSP content in waxy wheat than in non-waxy wheat. 
 
7.5 Conclusion 
The hypotheses tested in this experiment were: 1) pigs will digest more starch from a 
high amylopectin wheat (waxy) than from a normal wheat isoline; 2) digestibility of 
nutrients will be improved by decreasing particle size of wheat; 3) digestibility of 
nutrients will be improved by NSP-degrading enzyme supplementation; and 4) the 
digestibility of nutrients will increase at 3 weeks after weaning when compared to that 
at week after weaning. These hypotheses were partly supported by the current study. 
The starch, but not other nutrients of waxy wheat, was more digestible than that of the 
non-waxy wheat. Reduced particle size improved starch, energy, and protein 
digestibilities, although these improvements did not translate to improved pig 
performance. Addition of enzyme (xylanase + β-glucanase) was beneficial for starch, 
protein digestibility and DE content, especially in non-waxy wheat and wheat of a larger 
particle size. Increasing age (1 to 3 weeks after weaning) improved protein digestibility 
but not that of other nutrients. However, starch digestibility was influenced by a particle 
size by collection day interaction, while crude protein digestibility was influenced by a 
particle size by enzyme interaction. Waxy starch and the reduction in particle size were 
not beneficial to pig performance. Rather, the performance of pigs is likely to be 
influenced by many other factors since the wheat by enzyme interaction for daily gain 
and the wheat by particle size by enzyme interaction for feed intake were observed.  
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Abstract A 2 x 4 factorial experiment was conducted with the respective factors being wheat (Low-P: 
2.52g and High-P: 3.76g/kg DM) and enzyme supplementation (no enzyme, xylanase, phytase, and 
xylanase plus phytase). The enzymes were xylanase (Porzyme 9300
®, minimum activity 4000 U/g
-1 endo-
1,4-β-xylanase) and phytase (Phyzyme XP 5000G
®, minimum activity 4100 U/g
-1  phytase; Danisco 
Animal Nutrition, UK). The two pre-selected wheats were heat treated prior to diet manufacture. Eighty 
male weaner pigs (Landrace x Large White, 5.4 ±0.07 kg) were fed an identical pre-trial diet for 1 week 
and received their respective experimental diet for 3 weeks, after random allocation based on live weight. 
The live weight of pigs at the end of the trial was 13.9 kg ± 0.19. All diets contained 650g/kg wheat and 
similar concentrations of calculated digestible energy (14.2 MJ/kg), available lysine (0.78 g/MJ DE), 
available P (0.32%) and Ca:P (1.46:1). Titanium dioxide was added as an inert marker. Collection of 
faeces was made for three consecutive days from day 14. The ANOVA procedure of Statview (AddSoft 
Pty. Ltd., Woodend, Vic.) was used for statistical analyses. The main effect of wheat P content on 
digestibilities of DM, CP, energy, P and Ca was not significant (P>0.05), except for starch digestibility 
(higher in the low-P wheat, P=0.051). Enzyme supplementation, as a main effect, significantly influenced 
DM (P<0.01) and energy (P<0.01) digestibilities, such that xylanase plus phytase decreased DM and 
energy digestibilities. All enzymes significantly improved P and Ca digestibilities, although, P and Ca 
digestibilities were influenced by a wheat by enzyme interaction (P<0.001 and P<0.05, respectively), 
such that xylanase plus phytase improved P and Ca digestibilities in the high-P wheat diet but not in the 
low-P wheat diet. For piglet performance, daily gain (P=0.07) and feed intake (P>0.05) were higher in the 
high-P wheat diet for the first week, and the difference disappeared thereafter. Xylanase and phytase 
supplementation improved daily growth (P<0.05, P<0.10, respectively), while xylanase plus phytase Chapter 8. Xylanase and phytase supplementation and nutrient digestibility 
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improved daily growth to the same level of the phytase-only supplemented group (P=0.12) for the first 
week. The difference disappeared thereafter. Phytase and xylanase (both alone) significantly improved 
FCR (P<0.01, P<0.05, respectively), while xylanase plus phytase improved FCR to the same level of the 
phytase-only supplemented group (P<0.05) for the first week; the difference disappeared thereafter. 
Overall the effect of various enzyme supplementations on pig performance was not significant. However, 
daily growth was improved by 7%, 4% and 4%, and feed intake was improved by 4%, 0% and 4% with 
xylanase, phytase and xylanase plus phytase supplementation, respectively, at the end of the feeding trial. 
In summary, wheats responded differently to xylanase and phytase, and a synergistic effect of xylanase 
plus phytase supplementation was not evident for both nutrient digestibility and pig performance. 
 
Key Words: wheat, xylanase, phytase, nutrient digestibility and piglet performance 
 
8.1 Introduction 
Both the non-starch polysaccharides (NSP) and phytate-phosphorus (phytate-P) are 
known to influence performance of pigs fed wheat-based diets (Lunen and Schulze, 
1996; Selle et al., 2003). The NSP are known to be detrimental to nutrient digestion in 
pigs (Bedford and Schulze, 1998) and chickens (Choct and Annison, 1992). Addition of 
NSP-degrading enzymes, such as xylanase in wheat-based pig diets (Lunen and 
Schulze, 1996) and β-glucanase in barley-based pig diets (Baidoo et al., 1998), are 
sometimes beneficial for pig performance because of their ability to reduce the negative 
effects of these NSP on digestion and absorption.  
 
Phytate is the storage form of phosphorus (P) in plants, and about 70% of total P exists 
as phytate-P in most feed ingredients including wheat (Ravindran et al., 1995). For 
example, Australian wheat (n=18) contained 1.79g/kg phytate-P out of 2.64g/kg total P 
(67%) (Kim et al., 2002, Chapter 6). Phytate, a mixed salt of phytic acid (myo-inositol 
hexaphosphoric acid), is present mainly in the aleurone layer and the bran of wheat 
grain and deposited mainly within proteinaceous matrix of membrane-bound protein 
and protein bodies (Selle et al., 2000; Maenz, 2001). The negative charges on the phytic 
acid molecule are able to chelate positively-charged cations, such as Zn, Mg, Ca, Na 
and K to form stable complex phytate (Sohail and Roland, 1999). It is well established 
that the phytic acid in most feed ingredients impairs mineral bioavailability by forming 
mineral-phytate complexes. Especially, digestibility of P was significantly improved by 
addition of phytate-degrading enzymes in chicken and pigs (Simons et al., 1990; Beers 
and Jongbloed, 1992; Sands et al., 2001). Also, the phytate is closely bound to proteins 
and starch, preventing the absorption of both the bound nutrients and the P within the Chapter 8. Xylanase and phytase supplementation and nutrient digestibility 
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phytate molecule (Reddy et al., 1982; Yang et al., 1991; Sohail and Roland, 1999; Kies 
et al., 2001). Significantly improved performance and nutrient digestibilities upon the 
addition of phytase have reported in chickens (Mollah et al., 1983; Ravindran et al., 
1999
a,b) and pigs (Lei et al., 1993
a; Adeola et al., 1995; Traylor et al., 2001; Selle et al., 
2003). 
 
Some chicken studies have been conducted to examine the possible beneficial effects on 
nutrient digestion with supplementation of both xylanase and phytase. The combination 
of two enzymes improved the energy availability of low apparent metabolisable energy 
(AME) wheat by 19%, while individual supplementation of xylanase and phytase only 
improved the AME by 9.7% and 5.3%, respectively (Ravindran et al., 1999
a). In another 
study, increased phytase application (0, 600 and 1000 U/kg diet) in a wheat-based 
chicken diet linearly increased intestinal viscosity from 6.6 to 8.3 mPas, indicating 
extensive cleavage between phytate and NSP linkage. However, in the presence of 
xylanase (400 U/kg diet), increased phytase supplementation (0, 200, 400, 600, 800 and 
1000 U/kg diet) linearly reduced intestinal viscosities (from 6.6 to 3.0 mPas) below the 
levels attained with xylanase (3.2 mPas) fed as a sole supplemental enzyme (Zyla et al., 
1999). These studies suggest that the combination of enzymes may support any 
deficiencies of a single enzyme supplementation in chicken diets. However, such 
information for pigs is not yet available.  
 
From the previous studies (Chapter 4 and 5), it was demonstrated that the P content of 
wheat negatively correlated to its DE content (see discussion in Chapter 4), and efficacy 
of xylanase for the DE content of wheat was positively correlated to phytate-P content 
of the wheat (see discussion in Chapter 5). Therefore, the effect of P content of wheat 
on nutrient digestibility (i.e., P, Ca, and possibly protein and starch) and digestibility 
responses to xylanase and phytase is of interest because the digestibility response to 
different wheat and enzymes may explain how the P content of wheat will influence 
nutrient digestibility and efficacy of enzymes.  
The hypothesis tested in this experiment was that supplementation of xylanase, phytase 
and xylanase plus phytase will increase digestibility of P, Ca, starch and CP more in 
high-P wheat. 
 Chapter 8. Xylanase and phytase supplementation and nutrient digestibility 
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8.2 Materials and Methods 
8.2.1 Experimental design  
A 2 x 4 factorial experiment was conducted, with the respective factors being wheat 
(low-P: 2.52g and high-P wheat: 3.76g/kg DM) and enzyme supplementation (no 
enzyme, xylanase, phytase and xylanase plus phytase), to test the effect of various 
enzyme supplementations on total tract apparent nutrient digestibility and performance 
of high and low-P wheat-based diets for weaner pigs. Two wheats harvested in the 
2002/2003 season were selected by screening a number of different south-west 
Australian wheats for total-P content. Based on the regression equation generated in 
Chapter 6 (see Appendix 4), phytate-P content of the wheats was calculated, and two 
wheats containing high- and low-phytate-P (Wyalkatchem and Calingari, respectively) 
were selected. Each wheat was then used to formulate a control diet plus three enzyme-
supplemented diets (either xylanase, phytase or xylanase plus phytase). The enzymes 
were xylanase (Porzyme 9300
®, minimum activity 4000 U/g
-1 endo-1,4-β-xylanase, 
Danisco Animal Nutrition, UK) and phytase (Phyzyme XP 5000G
®, minimum activity 
4100 U/g
-1 phytase, Danisco Animal Nutrition, UK). The Murdoch University Animal 
Ethics Committee and the Animal Ethics and Experimentation Committee of the WA 
Department of Agriculture approved this experiment. 
 
8.2.2 Animal, diet, feeding and sample collection  
Eighty male pigs (Large White x Landrace) weaned at approximately 21 days of age 
were obtained at weaning from a commercial supplier (Wandalup Farms, Mandurah, 
WA). The average live weight of pigs was 5.4 ± 0.07 kg at arrival. Pigs were 
transported from the supplier to the Medina Research Centre. Upon arrival, the pigs 
were kept in individual wire-mesh floored metabolism crates in a controlled 
environment room (CER) where the temperature was maintained at 29 ± 1°C for the 
first two weeks, and then decreased 2 °C per week thereafter. Water was freely 
accessible during the whole experiment through a nipple drinker set in each crate. The 
two wheats were ground and pelleted (heat treatment 65 - 75 °C) to inactivate 
endogenous xylanase and phytase, and reground through a hammermill fitted with 
4.5mm screen prior to diet manufacture. The diets used are presented in Table 8.1. The 
enzyme premix was prepared separately with the respective wheat carrier, and was 
added to the mixer in the last stage of mixing. For the first week, the pigs received an 
identical pre-trial diet, which contains recommended P and Ca (Table 8.1) for post-Chapter 8. Xylanase and phytase supplementation and nutrient digestibility 
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weaning adaptation to a solid diet. Then, the pigs were reweighed (7.3 kg ± 0.10) and 
randomly allocated to one of the respective experimental diets, which contains marginal 
amounts of P and Ca, based on their live weight (10 pigs per treatment combination).  
 
Table 8.1. The composition of the experimental diets fed to weaner pigs (g/kg, air-dry basis) 
Ingredients  Pre-trial diet  No enzyme  Xylanase  Phytase  Xyl+Phy 
Wheat   610.53  612.49  612.49  612.49  612.49 
Lupin 80.00  80.00  80.00  80.00  80.00 
Canola meal  40.00  40.00  40.00  40.00  40.00 
Soybean meal  150.00  150.00  150.00  150.00  150.00 
Fish meal  50.00  50.00  50.00  50.00  50.00 
Whole whey  50.00  50.00  50.00  50.00  50.00 
Canola oil  3.00  3.00  3.00  3.00  3.00 
Lysine 1.42  1.45  1.45  1.45  1.45 
Methionine 0.23  0.24  0.24  0.24  0.24 
Choline Chloride  0.43  0.40  0.40  0.40  0.40 
Dicalcium Phosphate  9.27  2.04  2.04  2.04  2.04 
Limestone 3.44  8.69  8.69  8.69  8.69 
Salt 1.00  1.00  1.00  1.00  1.00 
Vitamin/Mineral mix
A 0.70  0.70  0.70  0.70  0.70 
Xylanase
B -  -  1.00  -  1.00 
Phytase
C -  -  -  0.122  0.122 
Titanium Dioxide
D 1.00  1.00  1.00  1.00  1.00 
                                   Calculated nutrient composition 
DE (MJ/kg)  14.19  14.22  14.22  14.22  14.22 
Available Lysine (g/MJ)  0.78  0.78  0.78  0.78  0.78 
Total P  7.1  5.8  5.8  5.8  5.8 
Available P (%)  4.5  3.2  3.2  3.2  3.2 
Calcium 8.0  8.0  8.0  8.0  8.0 
Ca:P 1.12:1  1.46:1  1.46:1  1.46:1  1.46:1 
Phytate-P (g/kg)
E 2.85      
High-P wheat diet    2.89  2.89  2.89  2.89 
Low-P wheat diet    2.23  2.23  2.23  2.23 
AProvided the following nutrients (per kg of air-dry diet):Vitamins: A 1500 IU, D3 300 IU, E 37.5 mg, K 2.5 mg, B1 1.5 mg, B2 6.25 
mg, B6 3 mg, B12 37.5 µg, Calcium pantothenate 25 mg, Folic acid 0.5 mg, Niacin 30 mg, Biotin 75 µg; Minerals: Co 0.5 mg (as 
cobalt sulphate), Cu 25 mg (as copper sulphate), Iodine 1.25 mg (as potassium iodine), Iron 150 mg (as Ferrous sulphate), Mn 100 
mg (as Manganous oxide), Se 0.5 mg (as Sodium Selenite), Zn 0.25 mg (as zinc oxide). (Hogro Bronze Weaner and Grower, Rhone-
Poulenc Animal Nutrition Pty Ltd., Queensland, Australia). 
BXylanase (Porzyme 9300, minimum activity 4000 U/g
-1 endo-1,4-β-xylanase, Danisco Animal Nutrition, UK)  
CPhytase (Phyzyme XP, minimum activity 4100 U/g
-1 DNA phytase, Danisco Animal Nutrition, UK). 
DTitanium dioxide (TiO2; Sigma Chemical Company, St. Louis, MO, USA) 
EPhytate-P content (g/kg, as-fed basis) was calculated from the estimated value of raw ingredients reported by Selle et al. (2000) 
and Kornegay (2001), except wheats, which are estimated from analysed total-P content using the equation generated from Chapter 
5 of this thesis (see Appendix 4 for equation used). 
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The pigs were offered their respective experimental diet ad libitum for a three-week 
feeding trial. The diets were offered twice daily at 0800 and 1600 h. Titanium dioxide 
was added as an inert marker for apparent digestibility estimation of nutrients. The pigs 
were weighed every week and feed intake was recorded on a weekly basis. Faecal 
‘grab’ samples were collected at 0800, 1000, 1200, 1400, 1600 h on three consecutive 
days from day 14 to examine nutrient digestibility. The samples then kept at –20 ºC and 
later thawed, mixed, freeze-dried and ground through a laboratory hammer mill (1 mm 
screen) prior to chemical analysis. 
 
8.2.3 Chemical analyses  
The dry matter (DM), nitrogen (N), gross energy (GE), total starch, total P, calcium 
(Ca) and NSP content of wheat were determined as described previously (Kim et al., 
2003, refer to Chapter 2). The DM, GE, N, starch, P, Ca and titanium dioxide content of 
diet and faecal samples were determined for estimation of apparent digestibilities of GE, 
N, P, Ca and starch. The GE content of wheat, diet, and faecal samples were determined 
using a Ballistic Bomb Calorimeter (SANYO Gallenkamp, Loughborough, UK). The 
TiO2 contents of diet and faecal samples were determined using the method described 
by Short et al. (1996).  
 
8.2.4 Statistics  
For nutrient digestibility and pig performance, the treatment effects were assessed by 
analysis of variance for a factorial arrangement with the main effects being wheat and 
enzyme supplementation. The effects were considered as fixed effects in the model. 
Fisher’s Protected-LSD comparisons were used (at 5% significance level) for 
comparison of nutrient digestibility and pig performance indices between mean values 
of different variables. All statistical analyses were conducted using the statistical 
package StatView 5.0 for Windows (AddSoft Pty. Ltd., Woodend, Vic., Australia). 
 
8.3 Results 
8.3.1 Chemical composition of wheat 
The chemical composition of the two wheats used in the experiment is presented in 
Table 8.2. The high-P wheat contained less starch (612 vs. 659 g/kg as is) and a higher 
total P content (3.76 vs. 2.52 g/kg). The NSP content of the two wheats was similar (106 Chapter 8. Xylanase and phytase supplementation and nutrient digestibility 
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vs. 96 g/kg for high-P wheat and low-P wheat, respectively). The estimated phytate-P 
contents of high-P and low-P wheat were 2.77 g and 1.69 g/kg DM, respectively. 
 
Table 8.2 Chemical composition (g/kg DM) of the high-P and low-P wheat 
Chemical composition  High-P wheat  Low-P wheat 
DM (%)  89.19  88.54 
Crude protein
A 177.9  167.6 
Starch   612.1  659.4 
Gross energy (MJ/kg DM)  19.21  19.04 
ADF 29.6  31.6 
Total NSP  106.0  96.0 
Total arabinoxylans  79.4  69.2 
Total arabinose: xylose  0.80  0.82 
Insoluble NSP  95.0  86.3 
Insoluble arabinoxylans  71.7  62.8 
Insoluble arabinose: xylose  0.80  0.82 
Soluble NSP  11.0  9.7 
Soluble arabinoxylans  7.7  6.4 
Soluble arabinose: xylose  0.83  0.86 
Free sugars  53.0  48.0 
Available carbohydrates  81.58  80.59 
Total P   3.76  2.52 
Phytate P
B 2.77  1.69 
ACrude protein: N x 5.83 
BCalculated from the total-P content using a regression equation generated from Experiment 4 (see Appendix 4) 
 
8.3.2 Effect of wheat and enzymes on nutrient digestibility 
The effect of wheat and enzyme supplementation on nutrient digestibility (%) 
determined with 42-day-old male weaner pigs is presented in Table 8.3.  
 
8.3.2.1 Dry matter digestibility 
Dry matter (DM) digestibility was not influenced by wheat P content but was 
significantly influenced by enzyme supplementation (P<0.01). A diet supplemented 
with xylanase plus phytase significantly decreased DM digestibility compared to that in 
the diet without enzyme supplementation (78.6 vs. 80.5, P<0.01). Diets supplemented 
with phytase and xylanase plus phytase significantly decreased DM digestibility 
compared to the diet supplemented with xylanase (79.6 vs. 81.4, P<0.05 and 78.6 vs. 
81.4, P<0.001, respectively).  
 
8.3.2.2 Starch digestibility 
Starch digestibility tended to be higher in the low-P wheat diet compared to the high-P 
wheat diet (99.64 vs. 99.58%; P=0.051). The digestibility of starch was not influenced 
by enzyme supplementation. Chapter 8. Xylanase and phytase supplementation and nutrient digestibility 
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Table 8.3. Effects of wheat and enzyme supplementation on nutrients digestibility (%) determined with 42-day-old male weaner pigs
A 
Wheat
B   Enzyme
C Significance
D 
Nutrients  Low P  High P    No  Xylanase  Phytase  Xyl + Phy  Mean SEM  Wheat  Enzyme  W x E 
Dry matter  79.5  80.4    80.5
a 81.4
ab 79.6
ac 78.6
c  79.9  0.28  NS ** NS 
Starch 99.64  99.58    99.62  99.68  99.59  99.58  99.61  0.02  0.051  NS  NS 
Energy 77.6  78.3    78.8
a 79.5
ab 77.7
a 76.2
c  78.0  0.35  NS ** NS 
Crude  protein  78.2  78.9    78.3  79.5  79.3  77.2  78.5  0.40  NS NS NS 
Phosphorus 47.7  46.1    40.0
a 44.3
b 53.9
d 48.9
c 46.9 7.82  NS  ***  *** 
Calcium 58.8  61.2    57.0
a 59.3
a 64.7
b 58.9
a 60.0 7.08  NS  **  * 
DE (MJ/kg)
E  14.7  14.6    14.5  14.7  14.7  14.7  14.7  0.07  NS NS NS 
AValues are mean digestibility determined from 20 pigs per treatment combination; Values with different superscripts within row are significantly different (P<0.05). 
BLow-P wheat: Calingari, High-P wheat: Wyalkatchem. 
CXylanase: Porzyme 9300
® (endo-1,4-β-xylanase, minimum activity 4000U/g, Danisco Animal Nutrition, UK); Phytase: Phyzyme XP
® (DNA phytase, , minimum activity 4100 U/g
-1, Danisco Animal Nutrition, UK). 
DNS: not significant, *P<0.05, **P<0.01, ***P<0.001 
EDigestible energy (MJ/kg DM) determined from GE content of diet and energy digestibility. 
 
 
 
 
 
 Chapter 8. Xylanase and phytase supplementation and nutrient digestibility 
 
222
8.3.2.3 Energy digestibility and DE content of diets 
The digestibility of energy was not influenced by wheat P content but was significantly 
influenced by enzyme supplementation (P<0.01). A diet supplemented with xylanase 
plus phytase significantly decreased energy digestibility compared to that in a diet 
without enzyme supplementation (76.2 vs.  78.8, P<0.01). Diets supplemented with 
phytase and xylanase plus phytase significantly decreased energy digestibility compared 
to the diet supplemented with xylanase (77.7 vs.  79.5, P<0.07 and 76.2 vs.  79.5, 
P<0.001, respectively). The DE content of diets was not influenced by wheat P content 
and enzyme supplementation. 
 
8.3.2.4 Crude protein digestibility 
The digestibility of crude protein (CP) was not influenced by wheat P content and 
enzyme supplementation.  
 
8.3.2.5 Phosphorus digestibility 
Phosphorus digestibility was not influenced by wheat P content. A significant wheat by 
enzyme interaction (P<0.001) was found for P digestibility, such that xylanase plus 
phytase supplementation significantly improved P digestibility (53.2 vs.  36.8%, 
P<0.001) in the high-P wheat diet, while the enzyme combination did not improve the P 
digestibility (45.8 vs. 43.2%, P>0.05) in the low-P wheat diet (Figure 8.1).  
 
8.3.2.6 Calcium digestibility 
The digestibility of calcium (Ca) was not influenced by wheat P content. A significant 
wheat by enzyme interaction (P<0.05) was found for Ca digestibility, such that xylanase 
plus phytase supplementation significantly improved Ca digestibility (63.2 vs. 54.8%, 
P<0.01) in the high-P wheat diet, while the enzyme combination did not improve the Ca 
digestibility (59.1 vs. 55.7%, P>0.05) in the low-P wheat diet (Figure 8.1). 
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Figure 8.1 Effect of wheat P content and enzyme on CTTAD of P (left) and Ca (right) determined with 
42-day-old male weaner pigs. Bars with different superscripts for each wheat are significantly different 
(P<0.05). 
 
8.3.3 Effect of wheat and enzymes on pig performance 
The effects of wheat and enzyme supplementation on pig performance determined 
between 28 – 49 days of age are presented in Table 8.4. Overall, the effect of wheat and 
enzyme supplementation on performance of pigs was not significant, except 
improvements in FCR with enzyme supplementation in the first week of the feeding 
trial (P<0.05). In the first week, piglets ate more (382 vs. 361g/day, P>0.05) and grew 
faster (275 vs. 247g/day, P=0.07) with the high-P wheat diet compared to that of the 
low-P wheat diet. Xylanase supplementation significantly improved daily growth (280 
vs. 236g/day, P<0.05) while phytase marginally improved daily growth (269 vs. 
236g/day, P=0.10) in the first week of the feeding trial. Daily growth in the xylanase 
plus phytase supplemented group improved growth to a similar level to the phytase-only 
supplemented group (267 vs. 236g/day, P=0.12). The FCR was significantly improved 
with phytase supplementation (1.35 vs. 1.56, P<0.01) and xylanase plus phytase 
supplementation (1.41 vs. 1.56, P<0.05); xylanase supplementation improved FCR (1.43 
vs. 1.56, P<0.05) in the first week of the feeding trial. No statistical significances were 
found in performance indices in week 2 and 3. However, daily growth improved by 7%, 
4% and 4% and feed intake improved by 4%, 0% and 4% with xylanase, phytase and 
xylanase plus phytase supplementation, respectively, at the end of the trial, although the 
improvement was not statistically significant. 
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Table 8.4 Effects of wheat and enzyme supplementation on pig performance determined between 28 – 49 days of age
A 
Wheat
B   Enzyme
C Significance
D 
Performance  Low P  High P    No  Xylanase  Phytase  Xyl + Phy  Mean SEM  Wheat  Enzyme  W x E 
  Week 1 
Initial Wt (kg)  5.4  5.4    5.3  5.6  5.3  5.6  5.5  0.08       
Final Wt (kg)  7.2  7.4    7.0  7.5  7.2  7.5  7.3  0.11       
Daily growth (g/day)  249  275    236
a 280
b 269
ab 267
ab 262  7.30  0.07 NS  NS 
Feed Intake (g/day)  361  382    355  398  361  373  371  9.84  NS  NS  NS 
FCR (%)  1.48  1.40    1.56
a 1.43
ab 1.35
b 1.41
b 1.44  0.03  NS  *  NS 
  Week 2 
Initial Wt (kg)  7.2  7.4    7.0  7.5  7.2  7.5  7.3  0.11       
Final Wt (kg)  10.1  10.4    9.8  10.5  10.1  10.5  10.2  0.15       
Daily growth (g/day)  416  427    410  427  419  432  421  8.50  NS  NS  NS 
Feed Intake (g/day)  586  590    575  609  568  600  588  12.79  NS  NS  NS 
FCR (%)  1.42  1.38    1.42  1.44  1.36  1.39  1.40  0.02  NS  NS  NS 
  Week 3 
Initial Wt (kg)  10.1  10.4    9.8  10.5  10.1  10.5  10.2  0.15       
Final Wt (kg)  13.9  14.1    13.6  14.4  13.9  14.2  14.0  0.19       
Daily growth (g/day)  548  534    539  555  537  531  541  10.00  NS  NS  NS 
Feed Intake (g/day)  833  828    823  820  820  860  831  16.30  NS  NS  NS 
FCR (%)  1.54  1.56    1.53  1.50  1.54  1.63  1.55  0.03  NS  NS  NS 
  Total (Week 1 – 3) 
Initial Wt (kg)  5.4  5.4    5.3  5.6  5.3  5.6  5.5  0.08       
Final Wt (kg)  13.9  14.1    13.6  14.4  13.9  14.2  14.0  0.19       
Daily growth (g/day)  406  409    393  421  408  410  407  7.01  NS  NS  NS 
Feed Intake (g/day)  593  600    584  609  583  611  597  12.13  NS  NS  NS 
FCR (%)  1.46  1.47    1.50  1.45  1.43  1.49  1.47  0.02  NS  NS  NS 
AValues are mean digestibility determined from 20 pigs per treatment combination; Values with different superscripts within row are significantly different (￿<0.05). 
BLow-P wheat: Calingari, High-P wheat: Wyalkatchem. 
CXylanase: Porzyme 9300
® (endo-1,4-β-xylanase, minimum activity 4000U/g, Danisco Animal Nutrition, UK); Phytase: Phyzyme XP
® (DNA phytase, , minimum activity 4100 U/g
-1, Danisco Animal Nutrition, UK). 
DNS: not significant, *P<0.05. 
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8.3.4 Daily P and Ca intake and amount of P and Ca digested per day 
The daily P and Ca intake during the feeding trial was calculated from the P content of 
the diet and feed intake. The amount of P and Ca digested was calculated from the P 
content of the diet, feed intake and P digestibility measured at the end of week 2. These 
data are presented in Table 8.5. A significant wheat by enzyme interaction was found 
for the amount of P digested at the end of week 2, such that xylanase and phytase 
significantly increased the amount of P digested in the low-P wheat diet, while phytase 
and xylanase plus phytase significantly increased the amount of P digested in the high-P 
wheat diet (P<0.01, Figure 8.2). As there were no significant effect of enzyme treatment 
on intake in week 2, then the amount of digestible Ca and P ingested is a function of Ca 
and P digestibility which was significantly influenced by enzyme treatment. Also, the 
amount of Ca digested at the end of week 2 was influenced by a wheat by enzyme 
interaction, such that xylanase significantly increased the amount of Ca digested in the 
low-P wheat diet, while phytase and xylanase plus phytase significantly increased the 
amount of Ca digested in the high-P wheat diet (P<0.01, Figure 8.2). 
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Figure 8.2 Amount of P and Ca digested (g/day) measured during week 2 of the trial. Bars with 
different superscripts for each wheat are significantly different (P<0.05) 
 
 
a 
c 
ab
bc 
a  a
b b
a
a
b b
a 
ab
a
bChapter 8. Xylanase and phytase supplementation and nutrient digestibility 
 
226
Table 8.5 Daily P and Ca intake (g/day, as fed basis) and amount of P and Ca digested (g/kg, as fed basis) at week 2 by weanling pigs
A 
 Wheat    Enzyme    Statistics
J 
 Low-P  High-P    No  Xylanase  Phytase  Xyl+Phy 
Mean SEM 
 Wheat  Enzyme  WxE 
Diet total-P (g/kg)
B 5.88  5.75    5.50  6.05  6.00  5.70  5.81 0.01        
Diet Ca (g/kg)
C 8.78  8.25    7.90  8.40 9.55  8.20  8.51  0.03         
 Week  1             
Feed Intake (g/day)  360  370    355  397  355  357  365  9.7    NS  NS  NS 
P intake (g/day)
D  2.10  2.13    1.95  2.38 2.13  2.03  2.11  0.06    NS  NS NS 
Ca intake (g/day)
E  3.14  3.06    2.81  3.33 3.20  3.10  3.10  0.09    NS  NS NS 
 Week  2             
Feed Intake (g/day)  575  577    575  607  549  577  576  12.4    NS  NS  NS 
P intake (g/day)  3.35  3.31    3.16  3.64  3.30  3.28  3.33  0.08    NS  NS  NS 
P digestibility (%)
F 47.7  46.1    40.0
a 44.3
b 53.9
d 48.9
c 46.9  0.89    NS ***  *** 
P digested (g/day)
G 1.60  1.54    1.27
a 1.62
b 1.78
b 1.62
b 1.57  0.05    NS ***  ** 
Ca intake (g/day)  5.02  4.76    4.54  5.10  4.95  5.02  4.90  0.12    NS  NS  ** 
Ca digestibility (%)
H 58.8  61.2   57.0
a 53.9
a 64.7
b 58.9
a 60.0  0.08    NS **  * 
Ca digested (g/day)
I 2.96  2.94    2.61
a 3.03
ab 3.20
b 2.96
ab 2.95  0.09    NS *  ** 
 Week  3             
Feed Intake (g/day)  814  821    823  816  810  821  817  17.0    NS  NS  NS 
P intake (g/day)  4.74  4.72    4.53  4.89  4.86  4.66  4.73  0.10    NS  NS  NS 
Ca intake (g/day)  7.10  6.79    6.50  6.84  7.29  7.14  6.95  0.16    NS  NS  NS 
 Total             
Feed Intake (g/day)  583  589    584  607  571  585  586  12.0    NS  NS  NS 
P intake (g/day)  3.40  3.39    3.21  3.64  3.43  3.33  3.39  0.07    NS  NS  NS 
Ca intake (g/day)  5.09  4.87    4.62  5.09  5.14  5.09  4.98  0.11    NS  NS  * 
AValues are mean of 20 observations per treatment combination. Values with different superscripts within row are significantly different (P<0.05).
 
B,CAnalysed results of P and Ca content of diets fed to pigs. 
D,EP and Ca intake calculated from P and Ca content in diet and daily feed intake. 
F,HP and Ca digestibility were measured at the end of week 2. 
G,IAmount of P and Ca digested was calculated from daily P and Ca intake and P and Ca digestibility. 
JNS: not significant, *P<0.05, **P<0.01, ***P<0.001. 
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8.4 Discussion 
8.4.1 Effect of wheat on nutrient digestibility and pig performance 
Nutrient digestibility and pig performance were not influenced by the wheat P content 
in the current study. However, the digestibilities of P and Ca were influenced by a 
wheat by enzyme interaction, indicating that a different P content of wheat was 
associated with efficacy of the enzyme for mineral digestibility. The major influence of 
the interaction occurred in the xylanase plus phytase-supplemented diets, which 
increased mineral digestibility with the high-P wheat but not with the low-P wheat. This 
was most likely due to the low phytate-P content in the low-P wheat compared to the 
high-P wheat. Higher mineral digestibility was seen in pigs fed low-phytate corn 
(Spencer et al., 2000; Veum et al., 2001) and low-phytate barley (Veum et al., 2002) 
compared to that for normal corn and normal barley, indicating that less minerals were 
bound to phytic acids in the low-phytate grains. Therefore, improved mineral 
digestibility with supplementation of xylanase plus phytase in the high-P wheat diet but 
not in the low-P wheat diet was most likely due to the higher phytate-P content of high-
P wheat compared to that of low-P wheat. 
 
8.4.2 Effects of enzymes on nutrient digestibilities 
8.4.2.1 Effect of xylanase 
Digestibility responses to supplemental xylanase in wheat-based pig diets are variable, 
although the response is predominately positive (McClean et al., 1992, Inborr et al., 
1993, Yin et al., 1997, Gill et al., 2000, Yin et al., 2000). Significantly improved ileal 
protein digestibility (Yin et al., 1997) was reported in 20-kg pigs fed a wheat-based diet 
with supplemental xylanase. Also, improved ileal and faecal DM, CP and energy 
digestibilities were reported in 26-kg pigs fed a wheat-based diet with supplemental 
xylanase (Yin et al., 2000). However, no improvement in ileal energy digestibility in 
20-kg pigs fed a wheat-based diet with supplemental xylanase (Yin et al., 1997), and no 
improvements in faecal CP digestibility and DE in 8-18 kg pigs fed a wheat and 
soybean meal-based diet with supplemental carbohydrases (xylanase, amylase, 
pectinase; Gill et al., 2000), were reported. The purpose of xylanase supplementation in 
a wheat-based pig diet is to cleave large NSP polymer molecules to smaller polymers to 
prevent formation of network or junction zones, which in turn decreases digesta 
viscosity and reduces detrimental effects on digestion and absorption processes (Choct, 
1997). Another purpose of xylanase supplementation is to cleave tightly bound nutrients Chapter 8. Xylanase and phytase supplementation and nutrient digestibility 
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from the cell wall structure and liberate locked protein and starch for digestion (Bedford 
and Schulze, 1998). As a consequence, the starch, energy and CP digestibilities in 
response to exogenous xylanase in pig diets can be variable according to the 
carbohydrate composition, chemical structure and association between nutrients and cell 
wall materials. In the current study, supplementation of xylanase did not improve 
apparent faecal digestibilities of starch and CP. These results concur with a study with 
26-kg pigs (Yin et al., 2000). Significant improvement in starch digestibility with 
xylanase supplementation in waxy and non-waxy wheat was found in the previous study 
(see Chapter 7, Table 7.3). However, no improvement in starch digestibility was found 
in the current study. Also, starch (99.6 vs. 98.5%) and CP (78.3 vs. 75.9%) digestibility 
of the wheat diet without xylanase was higher in the current study compared to that of 
the previous study (non-waxy wheat, 560 µm, without enzyme; see Table 8.2 and 
Chapter 7, Table 7.5 for comparison). This higher nutrient digestibility and lack of 
starch digestibility response to xylanase in the wheat used in the current study is most 
likely due to the heat treatment of wheat before it was used in diet formulation, because 
heat treatment during the pelleting processes gelatinises starch, thus make the starch 
more susceptible to enzymatic digestion (Wondra  et al., 1995).  
 
8.4.2.2 Effect of phytase 
Most of the phytic acids are present in the aleurone layers in wheat, indicating a 
possible association of phytic acid with NSP structure, especially to soluble NSP 
(Frolich and Asp, 1985; Frolich, 1990; Ravindran et al., 1995). Since phytic acid can 
closely bind to P as well as protein and starch (Kies et al., 2001), addition of phytase 
was expected to improve energy and protein digestibilities in pigs as it was 
demonstrated in chickens (Ravindran et al., 1999
a). However, in the current study, 
phytase supplementation did not improve DM, energy, starch and CP digestibilities. 
Similar results to the current study were reported in 4-week-old weaner pigs fed a 
wheat-based diet with supplemental phytase, where no improvement in DM digestibility 
was seen (Barnett et al., 1993). Also, supplementation of phytase had no effects on ileal 
DM, CP and amino acid digestibilities as well as faecal DM and CP digestibilities in 
finisher pigs fed a barley-based diet (Valaja et al., 1998). In the current study, 
supplementation of phytase slightly decreased (less than 2%) DM, starch and energy 
digestibilities, although they were not statistically significant. Similar observations were 
reported in a pig study where a 1-2% decrease in DM (Beers and Jongbloed, 1992; 
Jongbloed et al., 1992; Harper et al., 1997; Kemme et al., 1997), energy (Sands et al., Chapter 8. Xylanase and phytase supplementation and nutrient digestibility 
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2001) and CP (Valaja et al., 1998) occurred in pigs fed corn, barley and soybean meal, 
and in pigs fed a barley and pea-based diet (Oryschak et al., 2002) with supplemental 
phytase. These data indicate the nutritional consequences of associations between phytic 
acid and protein and/(or) starch is not significant for digestibilities of CP and energy, at 
least in weaner pigs. 
 
8.4.2.3 Effect of xylanase plus phytase 
Synergistic improvements in energy and protein digestibilities were expected from the 
supplementation of xylanase plus phytase in combination, due to the following reasons: 
1) the permeability of aleurone cell walls, where most phytic acid exists in wheat, to 
proteolytic enzymes was increased by addition of xylanase in vitro (Parkkonen et al., 
1997); 2) phytic acid may be released from the aleurone layer due to the action of 
xylanase (Selle et al., 2003); and 3) released phytic acid, which is bound to P, CP and 
starch, can be cleaved by the simultaneous action of phytase permitting endogenous 
enzymes to access starch and proteins inside the aleurone and endosperm cell walls 
(Oryschak et al., 2002), which might improve P, starch and CP digestibilities. This 
proposed mechanism was partly supported by Ravindran et al. (1999
a), who reported 
synergistic improvements in the AME value of wheat. In this study, supplementation of 
xylanase plus phytase in a low-AME wheat-based diet for chickens improved AME by 
19% while individual supplementation of xylanase and phytase only improved the AME 
by 9.7% and 5.3%, respectively. However, such improvements were not observed in a 
high-AME wheat. These chicken results indicate that the inherent chemical content of 
wheat may be critical in the response to various enzymes, which confirms the findings 
from the previous study (see Chapter 5 discussion) that structure of NSP is important 
for the DE response to xylanase. In pigs fed a barley-based diet, supplementation of 
carbohydrase (xylanase + β-glucanase) plus phytase improved (P<0.05) faecal energy 
(0.778  vs. 0.759) and N digestibilities (0.817 vs. 0.807), while phytase-only 
supplementation decreased energy digestibility (0.798 vs. 0.807, P<0.05; Oryschak et 
al., 2002), indicating that interactions between carbohydrase and phytase on nutrient 
digestibility are complex. In the current study, supplementation of xylanase plus phytase 
significantly decreased DM and energy digestibilities compared to xylanase-only treated 
groups. The mechanisms how the simultaneous supplementation of xylanase plus 
phytase decreased nutrient digestibility are not clear. The decreased energy digestibility 
in pigs fed the diet with xylanase plus phytase seems to be related to DM digestibility. 
However, it can be explained, at least partly, from the finding by Zyla et al. (1999) who Chapter 8. Xylanase and phytase supplementation and nutrient digestibility 
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reported increased intestinal viscosity by supplementation of phytase in a wheat-based 
chicken diet. The intestinal viscosity in chickens fed the phytase-supplemented diet 
(1000 FTU/kg) was significantly increased (6.57 vs. 8.33 mPas) compared to the non-
enzyme diet, indicating extensive cleavage between phytate and NSP linkage. Since 
xylanase can solubilise insoluble NSP fraction in the luminal phase (Bedford et al., 
1992, Haberer et al., 1998, Castañón et al., 1997; see discussion in Chapter 5), 
increased intestinal viscosity by the action of xylanase and phytase might help to 
explain the reduced digestibility of energy by simultaneous supplementation of xylanase 
plus phytase observed in the current study.  
 
Another possible reason for the depressed energy and DM digestibilities by xylanase 
plus phytase supplementation is because the optimum pH range for xylanase is between 
4 and 6, while optimum pH of phytase is between 2 and 5.5 (enzyme specifications used 
in this trial; Dr. Howard Simmins, Danisco Animal Nutrition, UK; personal 
communication). As discussed above, the sequence of synergism for the beneficial 
effect of simultaneous supplementation of xylanase plus phytase is breakdown of NSP 
structure by xylanase and then action of phytase on released phytic acid to free 
nutrients. However, as is indicative for the optimum pH ranges, the site where phytase 
actively cleaves phytic acid and bound nutrients is the stomach (Jongbloed et al., 1992; 
Yi and Kornegay, 1996). For example, the detected activities of supplemental phytase 
(1050 U/kg diet) were 579 U (per kg digesta, DM) in the stomach and 348 U (per kg 
digesta, DM) in the upper small intestine, while the activity of phytase was nearly 
undetected in the lower small intestine (53 U/kg digesta, DM) in 20-kg pigs (Yi and 
Kornegay, 1996). Kemme et al. (1998) indicated that the efficacy of phytase was 
determined by conditions of pH and retention time in the stomach. On the other hand, 
an in vitro study found that NSP-degrading glycanase (i.e., β-glucanase) was inactive at 
pH 2.5 and activity only slightly increased at pH 3.5. The highest activity occurred at 
pH 5.5 and enzyme activity declined quickly at pH 6.5 (Bass and Thacker, 1996). Also, 
the digestibility of soluble NSP in the lower small intestine increased by addition of 
xylanase and β-glucanase in pigs fed a wheat and barley-based diet, while digestibility 
of soluble NSP in the upper part of the small intestine showed a negative value, 
indicating glycanases are actively degrading NSP between the jejunum and ileum 
(Inborr et al., 1993). These findings reinforce the hypothesis that the sequence of action 
of enzymes is phytase in the stomach and then xylanase in the small intestine, which 
explains, at least partly, the negative influence of simultaneous supplementation of Chapter 8. Xylanase and phytase supplementation and nutrient digestibility 
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xylanase plus phytase to nutrient digestibility in pigs, because released phytic acid in the 
stomach can decrease α-amylase activity (Sharma et al., 1978; Deshpande and Cheryan, 
1984) and trypsin activity (Singh and Krikorian, 1982). The synergistic improvement in 
nutrient digestibility in chickens fed xylanase plus phytase (Ravindran et al, 1999
a), in 
contrast to results found in the current pig study, might be explained by the anatomical 
differences of the digestive tract between pigs and chickens. The crop in poultry 
provides a comparatively ideal environment for enzymes, at least for enzymes with pH 
optima in the 4 - 5 range (i.e., xylanase; Annison, 1993). Also, the activity of 
supplemented phytase was detected as 69-86% in the crop and 31-38% in the 
proventriculus, while the phytase activity was not detected in the small intestine of 
chickens fed a corn-soybean meal-based diet (Liebert et al., 1993). Therefore, the 
sequence of enzyme action might have occurred in the expected direction 
(xylanase/phytase in the crop, phytase in the stomach, xylanase in the small intestine), 
which partly explains the different responses between the two species. 
 
8.4.3 Effect of enzymes on P and Ca digestibilities 
Supplementation of xylanase significantly improved P digestibility in the high-P wheat 
(14%) but not significantly in the low-P wheat diet (6%). Also, Ca digestibility was 
improved by 7% in the high-P wheat, although the improvement was not statistically 
significant. Since most minerals in wheat are associated with dietary fibre complexes, 
especially soluble NSP (Frolich and Asp, 1985), supplemental xylanase might release 
the bound P and Ca during the NSP cleavage processes. It is reported that 
approximately 70% of total P (Selle et al., 2000; Kim et al., 2002) and 60% of Ca 
(Frolich and Asp, 1985) are bound to phytate in wheat. Therefore, about 30% of P and 
40% of Ca, which exist in the cell wall structure of wheat without association with 
phytate, were possibly released and digested by supplementation of xylanase in the 
current study. 
 
Supplementation of phytase significantly improved P and Ca digestibilities by 23% and 
5% in the low-P wheat and 29% and 20% in the high-P wheat, respectively. This result 
generally concurs with other pig studies where a 22% improvement in P digestibility (in 
11-25 kg pigs; Beers and Jongbloed, 1992), and a 33% improvement in P digestibility 
and a 15% improvement in Ca digestibility in 8-kg pigs (Lei et al., 1993
b), were 
observed in corn and soybean meal-based diets with added phytase. Furthermore, 
phytase improved P digestibility by 46% in pigs fed wheat (Jongbloed et al., 1993), by Chapter 8. Xylanase and phytase supplementation and nutrient digestibility 
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30% in 25-kg pigs fed a barley and pea-based diet (Oryschak et al., 2002), and by 22% 
in 45-kg pigs fed a barley, wheat and soybean meal-based diet (McCann et al. 2003). 
However, improvements in digestibility of Ca by addition of phytase are variable, from 
no improvement in weaner pigs fed a corn and soybean meal-based diet (Adeola et al., 
1995; Han et al., 1997) to a 41% improvement in 7-kg pigs fed a corn and soybean 
meal-based diet (Lei et al., 1993
a). In the current study, the improvement in Ca 
digestibility by supplementation of phytase differed according to wheat P content (5% 
in low-P wheat and 20% in high-P wheat). Since a higher Ca digestibility was found in 
the non-enzyme treated, low-P wheat diet compared to the non-enzyme treated, high-P 
wheat diet, the different response in Ca digestibility to phytase was most likely due to 
lower phytic acid-Ca associations in the low-P wheat. 
 
8.4.4 Effect of enzymes on pig performance 
Efficacy of xylanase supplementation to pig performance response is variable, from no 
improvement (Inborr et al., 1993) to improvements up to 9% in growth and 5% in FCR 
in weanling pigs fed a wheat-based diet (Lunen and Schulze, 1996). Supplementation of 
phytase in 7-kg pigs fed a wheat-based diet improved pig performance by 10% (Selle et 
al., 2003). Supplementation of xylanase plus phytase improved daily gain, feed intake 
and FCR by 6%, 12% and 6% in 7-kg pigs fed a wheat-based diet (Selle et al., 2003). In 
the current study, significant improvements in pig performance due to supplemental 
enzymes only evident at week 1 of the feeding trial. Over the 3-week feeding trial the 
marginal improvements in pig performance indices by supplementation of xylanase, 
phytase and xylanase plus phytase are generally concur with the literature (Lunen and 
Schulze, 1996; Selle et al., 2003). 
 
The improved growth response to enzyme supplementation in the first week was most 
likely due to the increased availability of P by the supplementation of enzyme to diets 
deficient in P. Mahan (1982) and Koch et al. (1984) indicated that a diet deficient in P 
would restrict the growth of weaner pigs. The recommended amount of available P in a 
diet for weaner pigs (5-10kg) is 4 g/kg, and total and available P requirements for 
growth are 3.25 g and 2 g/day, respectively (NRC, 1998). The diet was formulated to 
contain a marginal amount of available P (3.2 g/kg) to maximise performance response 
to supplemental enzymes. If the amount of P digested is calculated (measured at week 
2), then the actual amount of P digested was only 1.6 g/day. It is estimated that the 
approximate amount of P digested in week 1 and 3 were 1.0 g and 2.2 g/day, Chapter 8. Xylanase and phytase supplementation and nutrient digestibility 
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respectively (i.e., if the amount of P digested is calculated using the digestibility value 
measured at week 2). The recommended amount of Ca in a diet for weaner pigs (5-
10kg) is 8 g/kg, and total Ca requirements for growth are 4 g/day (NRC, 1998). 
Although, the Ca level in the diet maintained the recommended level, the Ca intake in 
week 1 was below (3.1 g/day) the recommended required amount by NRC (1998). 
Therefore, P supply might have beeen limiting during the first two weeks, especially in 
week 1, and Ca supply might have been limiting in the first week. The improved 
performance in response to supplemental enzyme in week 1 of the feeding trial, 
therefore, may be explained from the improved P and Ca digestibilities because the 
other nutrients were not influenced by supplementation of enzymes. However, the 
improvements in pig performance were not significant at week 2 and 3, as the P and Ca 
supply to the pig increased closer to recommended levels. Sands et al. (2001) reported 
similar observation, where daily gain of 9-kg pigs fed a diet low in P content (3.8g/kg) 
was significantly increased by use of either high available-P corn or phytase 
supplementation compared to pigs fed normal corn without phytase supplementation. 
The amount of P digested in normal corn, high available-P corn and normal corn with 
phytase were 1.3g, 1.8g, and 1.8g/day, respectively. In this particular study DM, GE and 
N digestibilities were not influenced by use of high available-P corn or phytase 
supplementation. Therefore, the authors concluded that the increased P supply in the 
pigs fed high available-P corn diet and phytase-supplemented diet was responsible for 
the improved growth rate (Sands et al., 2001).  
 
8.5 Conclusion 
The hypothesis tested in this experiment was that supplementation of xylanase, phytase 
and xylanase plus phytase will increase digestibility of P, Ca, starch and CP to a greater 
extent in the high-P wheat. The hypothesis was partly supported in this experiment, 
since P and Ca digestibility were influenced by a wheat P content by enzyme 
interaction. However, overall improvements in macronutrient digestibility and pig 
performance by supplementation of various enzymes were not significant. 
Supplementation of phytase generally improved P and Ca digestibility in both low-P 
and high-P wheats. However, xylanase plus phytase supplementation did not produce 
synergistic effect for macronutrients, and mineral digestibilities over single 
supplementation of xylanase or phytase. The failure to demonstrate synergistic effects 
of xylanase plus phytase is most likely due to the different optimum pH between Chapter 8. Xylanase and phytase supplementation and nutrient digestibility 
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xylanase and phytase. Further investigation is required to better explain the lack of 
synergism in pigs fed wheat-based diet with xylanase plus phytase supplementation. 
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General Discussion 
 
The general hypothesis tested in Part A of this thesis that the variety, growing region, 
supplementation of xylanase, growing season and post-harvest grain storage (i.e., six 
months of storage at ambient temperature) will influence the digestible energy (DE) 
content of wheat when fed to weaner pigs, was generally supported in Experiments 1 to 
4. 
 
In summary, the experiments described in Part A of this thesis showed a marked 
variation in the DE content of wheats for weaner pigs grown in southwestern Australia 
(in 1999 and 2000). The variety, growing region and growing season influenced the 
chemical composition of the wheats that, in turn, determined the wheats’ DE content for 
weaner pigs. In addition, the storage of wheat showed beneficial effects, at least in 
1999, and the supplementation of xylanase in non-stored wheats appeared to be 
beneficial for some wheats only. It is evident that other factors such as the NSP 
structure needs to be considered to maximise DE response to supplemental xylanase. 
These studies represent the first substantial piece of research investigating factors 
responsible for the DE content of wheats fed to the weanling pig. 
 
The DE response to supplemental xylanase was negatively correlated to the total and 
insoluble arabinose: xylose ratio (see discussion in Chapter 5). An increase in the 
arabinose: xylose ratio means a more branched structure of arabinoxylan in cell walls of 
wheat. An early study by Vohra and Kratzer (1964) reported that polysaccharides with 
branched structures tended to display a greater anti-nutritive activity. Branching 
introduces irregularities into the structure of polysaccharides, which prevent the chains 
from interacting closely, and allows water to penetrate easily. Thus in general, the 
greater the degree of branching means a higher solubility (Annison, 1993). From the 
findings in this research and in the literature, it is likely that the nutrient digestibility and 
efficacy of xylanase are dependent, at least partly, on the structure of NSP present in the 
cell walls of wheat and interactions between NSP and nutrients such as protein and 
starch. 
 
These data clearly indicate the importance of understanding the chemistry and 
composition of wheats used in diets, in this case for weaner pigs, before assigning DE Chapter 9. General discussion 
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values. Furthermore, although these studies were determined in weaner pigs, the same 
factors influence the DE content of wheat for growing pigs. Among the varieties and 
growing regions, the ASW wheat variety Westonia and wheat grown in the low rainfall 
region were superior in terms of DE content. In future, I believe feed manufactures 
should pay more attention to the variety and growing region of the wheat they purchase 
for assigning DE values. 
 
A question that I had at the planning stage of the Part A experiments was: “Can the DE 
content of wheat be predicted from a particular chemical component in wheat?” Many 
studies have attempted to develop prediction equations for the DE content of wheat 
from its chemical composition, because the prediction of in vivo DE content from 
chemical components of the wheat offers the potential to minimise the need for 
expensive and time-consuming animal digestibility trials. To answer this fundamental 
question, I have conducted stepwise regression analysis using the data presented in 
Chapters 3 and 4 of this thesis. The result of stepwise regression analysis indicates that 
the total-P content and insoluble xylose content were responsible for 70% and 16%, 
respectively, of the DE content of wheats harvested in 1999. The significant 
contributors for DE content of wheats harvested in 2000 were soluble arabinose (68%), 
gross energy (8%), and precipitation level (7%; refer to section 4.3.3 and Table 4.4). 
Based on the results of the stepwise regression analysis, I conducted simple and 
multiple regression analyses to generate prediction equations for DE content of wheat 
for weaner pigs. The prediction of the DE content from the measured chemical 
components is presented in Tables 9.1, 9.2 and 9.3, respectively.  
Table 9.1 Prediction of the DE content of wheat (n=9) harvested in 1999 from their chemical 
components  
Prediction equation  R
2 RSD
A Probability 
18.5 - 0.319 NDF  0.662  0.26  0.005 
19 – 0.834 Ixyl – 0.065 NDF – 0.00377 Phytate P  0.774  0.22  0.014 
17.3 – 0.872 Ixyl + 0.027 NDF –0.0048 TP  0.785  0.21  0.013 
18.2 - 0.0079 TP – 3.25 SAra/xyl  0.812  0.20  0.003 
17.4 – 0.00446 TP – 0.820 Ixyl  0.820  0.19  0.002 
18.0 – 0.207 NDF – 0.00402 PL  0.822  0.19  0.002 
11.8 + 0.0319 NDF – 0.0116 PL + 0.162 Amylose + 1.02 FS  0.971  0.08  0.001 
12.8 + 0.0324 NDF – 0.0104 PL + 0.161 Amylose  0.992  0.06  0.001 
11.2 + 0.0922 NDF – 0.0112 PL + 0.162 Amylose + 0.994 FS – 
0.00156 TP  0.996 0.03  0.001 
ARSD: Residual standard deviation. Abbreviations: NDF: neutral detergent fibre (%), PL: precipitation level (mm) during growth of 
wheat, TP: total phosphorus (mg/100g), Ixyl: insoluble xylose (%), SAara/xyl: soluble arabinose to xylose ratio, Phytate P: phytate-
phosphorus (mg/100g), FS: free sugars (%). Chapter 9. General discussion 
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Table 9.2 Prediction of the DE content of wheat (n=9) harvested in 2000 from their chemical 
components 
Prediction equation  R
2 RSD
A Probability 
-4.2 + 19.6 SAra + 0.139 DM  0.615  0.38  0.024 
7.0 + 24.7 Sara  0.616  0.39  0.007 
13.7 + 19.7 SAra – 0.0613 BW  0.623  0.36  0.023 
-2.62 + 17.6 SAra + 0.578 GE  0.803  0.27  0.003 
-3.52 + 19.4 SAra + 0.586 GE + 0.00155 PL  0.804  0.27  0.010 
ARSD: Residual standard deviation. Abbreviations: SAra: soluble Arabinose (%), DM: dry matter (%), GE: gross energy (MJ/kg 
DM), BW: bushel weight (kg/hL), PL: precipitation level (mm) during growth of wheat, TP: total phosphorus (mg/100g).  
 
Table 9.3 Prediction of the DE content of wheat (n=18, combined 1999 + 2000) from their chemical 
components 
Prediction equation  R
2 RSD
A Probability 
-11.8 + 0.0968 Screening + 0.278 DM  0.41  0.42  0.008 
-14.8 – 0.00466 TP + 0.329 DM  0.49  0.39  0.003 
-12.1 + 0.0736 Screening – 0.00393 TP + 0.293 DM  0.58  0.35  0.002 
-2.78 + 0.0808 Screening – 0.00406 TP + 0.225 DM – 0.0479 TS  0.66  0.32  0.001 
ARSD: Residual standard deviation. Abbreviations: Screening (%), TP: total phosphorus (mg/100g), DM: dry matter (%), TS: total 
starch (%).  
 
The negative contribution of NDF, insoluble xylose, total-P content and the soluble 
arabinose to xylose ratio were the important attributes for the prediction of DE content 
in wheat harvested in 1999 (Table 9.1). For wheats harvested in 2000, the positive 
contribution of gross energy and soluble arabinose were important for the prediction of 
DE content (Table 9.2). When data obtained over two years were combined, screening 
(% of small grains), total P and total starch were important for the prediction of DE 
content (Table 9.3). These different results caused by growing season are most likely 
due to changes in chemical composition mediated by the environment during plant 
growth, such as differences in precipitation levels, and agronomic practices, such as 
differences in sowing rate, soil type and fertilizer application (refer to discussion in 
Chapter 4).  
 
Another component in Part A of my experiments was whether DE content could be 
estimated using Near Infra-Red Spectroscopy (NIRS). This DE calibration was based on 
studies using grow/finish pigs tested around the world, with the calibration curve for DE 
estimation from NIRS being derived by van Barneveld et al. (1999). As is presented in Chapter 9. General discussion 
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Figure 9.1, the prediction of in vivo DE content of wheat using NIRS was unsuccessful. 
This is probably due to the complicated NSP structure of wheats, and/(or) use of weaner 
pigs for in vivo DE estimation. The underdeveloped GIT of weaner pigs (as explained 
below) is a possible explanation for this disparity, since weaner pigs could extract less 
energy from a given wheat due to its immature gut. 
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Figure 9.1 Relationship between in vivo DE content of 18 wheat samples used in the current study and 
DE content predicted using Near Infra-Red Spectroscopy 
 
One of the major objectives of this thesis was to evaluate the DE content of wheat for 
weaner pigs. Most pig studies for energy evaluation in cereal-based diets have been 
conducted in grower pigs, and the energy values of cereals determined are then used in 
practical formulation of both grower pig diet and weaner pig diets. However, I think this 
is an inappropriate approach because weaner pigs still have an underdeveloped 
gastrointestinal tract (GIT), enzyme systems and immature microbial colonisation (total 
number of bacterial count or diversity of micro-organism in the gastrointestinal tract). 
For example, the weights of the stomach (32 vs. 58g), the small intestine (216 vs. 476g), 
the caecum (10.8 vs. 24.7g) and the colon (40 vs. 102g) were significantly increased 
with time after weaning (1 and 14 days post-weaning, Pluske et al., 2003). In this 
particular study the authors also found that the specific activity (µmol glucose/ min. g 
mucosa at 1 and 14 days post-weaning) of maltase (0.44 vs. 1.50), glucoamylase (0.71 
vs. 1.36) and sucrase (0.94 vs. 1.84) in small intestinal tissue increased with time after 
weaning. The relationships between body weight and stomach weight, small intestine Chapter 9. General discussion 
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weight and small intestine length in pigs are presented in Figure 9.2 (Moughan et al., 
1992).  
 
 
Figure 9.2 Relationships between body weight and stomach weight (a), small-intestine weight (b) and 
small intestine length (c), respectively, in the suckled piglet (after Moughan et al., 1992) 
 
Apart from this absolute increase of the GIT with increasing age, the relative weight of 
the small intestine also increased by 84-98% during the 21-day post-weaning period (30 
g/kg body weight at 21 day vs. 55-60g/kg body weight at day 42; Cera et al., 1988). 
Moreover, it was found that the small intestine continues to develop until the pig live 
weight reaches 20kg, while the hindgut continues to grow to 150kg (Nielsen, 1962; 
cited in Fernandez et al., 1986). Other details of growth of the GIT and pancreatic and 
small intestinal enzyme activity before and after weaning can be found in a review by 
Cranwell (1995).  
 
Another consideration that has to be emphasised in weaner pig nutrition is microbial 
colonisation. The change of bacterial strains or dominant colonizers caused by different 
dietary sources is clearly demonstrated in many studies. For example, the number of 
cellulolytic bacteria from faecal samples of sows fed various levels of fibre found a 
significant increase in a 40% and 96% alfalfa diet compared to a control diet (23.3 vs. 
45.1 and 52.5 x 10
8/g dry faeces, respectively), while no increase was found in a 20% Chapter 9. General discussion 
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corn cob diet (Varel and Pond, 1985). However, information describing changes in 
microbial colonisation or diversity of microorganisms with time after weaning is scarce. 
Some papers have examined bacterial populations in pig faeces with increasing age. For 
example, Wilbur et al., (1960) found that the total count of anaerobes and aerobes 
increased from 8.3 to 9.4 (log/g faeces) and from 8.3 to 8.7 (log/g faeces) with 
increasing age from 2 weeks to 6 weeks in a corn starch-based diet. In this particular 
study, the population densities of Streptococci, Staphylococci, Lactobacilli, coliforms, 
and molds and yeasts were significantly increased with increasing age of pigs. 
Similarly, the number of Lactobacilli (8.3 vs. 9.0 log/g faeces) and β-glucan-degrading 
Lactobacilli (7.8 vs. 8.4 log/g faeces) were increased in barley- and oat-based diets with 
increasing age from 3 days to 35 days (Jonsson and Hemmingsson, 1991). The colonic 
total anaerobes were 9.7, 9.9 and 10.0 (log/g colonic content) in 32, 46, and 68-day-old 
pigs, respectively (Decuypere and Van der Heyde, 1972; cited in Moughan et al., 1992). 
On the other hand, one study conducted in grower pigs (26-32kg, Varel et al., 1984) and 
sows (Varel and Pond, 1985) feeding 35% and 40% alfalfa meal, respectively, in a corn 
and soybean-meal-based diet, found a 6.7-fold higher number of cellulolytic bacteria in 
the faecal samples of sows than in that for growing pigs (66.6 x 10
7 vs. 45.1 x 10
8 /g dry 
faeces).  
 
Given the dramatic changes in development of the GIT, changes in pancreatic and brush 
border enzymes and microflora changes during the growing phase of pigs, it is not 
surprising that the DE value of wheats obtained from the weaner pigs in this study was 
approximately 1 MJ/kg (as is) lower than the literature values determined with growing 
pigs (see discussion in Chapter 4). The immature GIT of young pigs (size, enzymes and 
less colonization of microbes) is a probable explanation for the lower DE values found 
in weaner pigs. Therefore, my finding that the DE content of wheat showed lower 
values in weaner pigs when compared to growing pigs indicates that the weaner pig 
should be treated differently in pig nutrition, and suggests that feed manufacturers may 
need to consider using lower DE values for wheat when formulating weaner pig diets. 
 
Experiments conducted in Part B of this thesis built upon the results from Part A that 
the structure of starch and NSP, and P content of wheat, influenced the nutrient 
digestibility in weaner pigs. The results of Part B partly supported the hypothesis that 
the structure of wheat starch, particle size, phytate-P content of wheat and enzyme 
supplementation influence nutrient digestibility in weaner pigs. In the waxy wheat study Chapter 9. General discussion 
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(Chapter 7), the nutrient most affected by endosperm starch structure and particle size 
differences was starch, such that starch digestibility was significant improved in a waxy 
and finer particle-sized wheat compared to that for a non-waxy and larger particle-sized 
wheat. Also, the finding that xylanase plus β-glucanase responded better in the larger 
particle-sized wheat than in the finer particle-sized wheat indicates that the disruption of 
cell walls of wheat by mechanical grinding is important for efficacy of supplemental 
enzymes. Moreover, the study in Chapter 8, suggests that the use of supplemental 
enzymes can differ due to the available substrates (i.e., xylanase for high NSP wheat, 
and/or phytase for high phosphorus wheat). The evidence for a synergic effect of 
xylanase plus phytase in wheat-based weaner pig diets was not demonstrated. This is 
probably due to the fact that supplemental phytase acts in the low pH range (mostly in 
the stomach) while xylanase acts in higher pH range (mostly in the small intestine).  
 
In Chapters 5, 7 and 8, it was demonstrated that the efficacy of supplemental xylanase 
in weaner pigs fed a wheat-based diets in terms of pig performance, nutrient 
digestibility and DE content, was not systematic, but appeared to be related to the 
amount and structure of NSP and phytate-P in wheat.  
 
In the current study, all nutrient digestibilities were measured at the faecal level. 
However, measurements of nutrient digestibilities at the ileal level could have benefit 
over results obtained at the faecal level to explain physiological effects of NSP structure 
and exogenous enzymes on nutrient digestibility in the small intestine. However, as I 
used 6-kg pigs, introduction of cannulae to weaner pigs may not be appropriate since 
recovery from the surgery is in doubt. Furthermore, the slaughter method may be 
inappropriate due to the small amounts of sample that can be collected at the terminal 
ileum, which in turn may not provide enough samples to perform proximate and specific 
analyses. 
 
The streanth of this thesis are 1) complicate data of variation in chemical composition 
and DE content of wheat due to variety, growing region, season and storage has been 
examined in weaner pigs; 2) the responsible factors for the DE variation were 
established; and 3) Novel approach (arabinose to xylose ratio) has been made to 
examine the efficacy of xylanase in wheat. The weakness of this thesis are 1) the 
number of samples were limited due to the considerable time and labour for 
determination of DE; and 2) only total tract digestibility was measured due to the use of Chapter 9. General discussion 
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young pigs. Overall, the series of studies presented in this thesis supported the general 
hypotheses that 1) variety, growing region, growing season and storage will influence 
the chemical composition of wheat, which eventually influences the DE content of 
wheat for weaner pigs; and 2) the supplementation of NSP- and phytate-degrading 
enzymes in wheat-based diets for weaner pigs will improve nutrient digestibility and pig 
performance in some instances. 
 
Future research that I consider is required on the basis of my results includes: 
 
1)  Effect of NSP structure of wheat (i.e., differing arabinose to xylose ratio) on 
efficacy of xylanase in terms of ileal apparent nutrient digestibility and pig 
performance. Based on Chapter 5 of my study, increasing arabinose branching from 
the xylose backbone of the arabinoxylan structure negatively correlated to the DE 
response to xylanase. Therefore, examination of gut physiology (i.e., pH and 
viscosity) in pigs fed a wheat-based diet differing in NSP structure with and without 
xylanase could help to explain the physiological effects of NSP structure in the GIT 
of weaner pigs. 
 
2)  Quantification of differences in ileal DE content of wheat or in ileal apparent 
digestibility coefficient of nutrients as influenced by age of pigs (i.e., weaner vs. 
grower/finisher). 
 
3)  Investigation of gut physiology (pH, viscosity, and xylanase and phytase activities 
along the GIT) and ileal apparent nutrient digestibility in pigs (grower pigs to fit a 
cannulae) fed a wheat-based diet with xylanase plus phytase. Examination of gut 
physiology in pigs fed wheat with xylanase plus phytase might help to explain the 
site of actions for each enzyme along the GIT.  
 
4)  Investigations of microbial populations and population numbers in response to 
different wheat types, exogenous enzymes and age of pigs might help to explain the 
nutritional significance of microbes fed various wheat diets with and without 
exogenous enzymes. 
 Chapter 9. General discussion 
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Appendix 1 
 
Solutions used in total starch assay: 
Thermostable α-amylase in MOPS buffer 
1ml of thermostable α-amylase (3000U/ml) 
29ml MOPS buffer 
 
MOPS buffer (50mM, pH7) 
11.55g MOPS sodium salt 
900ml DW 
Adjust to pH 7 with 1M HCl (10%) 
Add 0.74g CaCl2 
Make up to 1000ml with distilled water, store in fridge 
 
Amyloglucosidase in sodium acetate buffer 
40ml sodium acetate buffer + 1ml amyloglucosidase (200U/ml) 
 
Sodium acetate buffer 
11.8ml of glacial acetic acid (BDH Laboratory supplies EC no. 200-580-7) 
900ml distilled water 
Adjust to pH 4.5 with 1M sodium hydroxide solution (4g/100ml) 
Make up to 1000ml with distilled water, store in fridge 
 
Solutions used in fast digestible starch (FDS) assay: 
Thermostable α-amylase in MOPS buffer 
0.7ml of thermostable α-amylase (3000U/ml) 
29.3ml MOPS buffer 
 
MOPS buffer (50mM, pH7) 
Same as the MOPS buffer used in total starch assay 
 
Amyloglucosidase in sodium acetate buffer 
40.3ml sodium acetate buffer + 0.7ml amyloglucosidase (200U/ml) 
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Sodium acetate buffer 
Same as the MOPS buffer used in total starch assay 
 
0.5M Trizma buffer 
Mix 60.55g Trizma base (Sigma Chemical co., T-1503) WITH 900ml distilled water 
Adjust to pH 7.0 with 1M HCl 
Adjust volume to 1000ml with distilled water 
 
Tris + 0.5% Triton X-100 
Add 0.5% (volume of Tris solution) Triton X-100 on working day 
 
Solutions used in amylose/amylopectin assay: 
Sodium acetate buffer 
5.9ml of glacial acetic acid (BDH Laboratory supplies EC no. 200-580-7) 
900ml distilled water 
Adjust to pH 4.5 with 1M sodium hydroxide solution (4g/100ml) 
Add 0.2g sodium azide 
Make up to 1000ml with distilled water, store in room temperature 
 
Concentrated ConA solvent (pH 6.4, 600mM in acetate) 
49.2g anhydrous sodium acetate (BDH Cat No. 10236) 
0.5g CaCl2.2H2O (Mallinckrodt Cat. No. 4160) 
0.7g MgCl2.6H2O (BDH Cat. No. 10149) 
0.7g MnCl2.4H2O (Ajax Cat. No. 307) 
Dissolve in 900ml distilled water 
Adjust to pH 6.4 by dropwise addition of glacial acetic acid 
Adjust volume to 1000ml with distilled water and store in fridge 
 
ConA solvent 
Dilute 30ml of concentrated ConA solvent to 100ml distilled water on warking day 
 
Solutions used in total phosphorus assay: 
10N sulphuric acid 
720ml distilled water + 280ml concentrated H2SO4 
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Amonium molybdate reagent 
Disolve (with heat) 12.5g ammonium molybdate in about 100ml distilled water 
Add this solutin to 150ml 10N H2SO4 in a 500ml volumetric flask 
Dilute to 500ml with distilled water and store in fridge 
 
Sodium metabisulfite solution (15%) 
Dissolve 10g adhydrous sodium metabisulfite in distilled water and dilute to 100ml 
 
Sodium sulfite (20%) 
Dissolve 10g adhydrous sodium sulfite in distilled water and dilute to 50ml 
 
Potassium permanganate 
2% solution in distilled water 
 
Amino-napthol sulfonic acid (ANSA) reagent 
Weigh 0.250g of A.R. 1-amino-2-napthol-4-sulfonic acid 
Make a paste with a small amount of 15% metabisulfite solution 
Add 97.5ml 15% sodium metabisulfite solution 
Add 2.5ml 20% sodium sulfite solution 
Store overnight and filter through No. 541 Whatman filter paper 
Store in brown glass bottle in fridge, stable for 1 month 
 
Standard phosphorus solution (0.1mg/ml P) 
Dissolve 0.439g pure, dry KH2PO4 in 300ml water 
Add 200ml H2SO4 
Add a few drops of potassium permanganate as preservative 
Dilute to 1000ml    Appendices 
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Appendix 2. Correlation matrix between chemical compositions of 18 wheat samples (wheats harvested in 1999 and 2000) 
 CP  Wt  TS  FDS  Amy  AP  Am/Ap  NDF  ADF  Lignin  TNSP  INSP  SNSP 
TNSP: 
INSP 
TNSP: 
SNSP 
INSP: 
SNSP 
T-Ara/ 
Xyl 
I-Ara/ 
Xyl 
S-Ara/ 
Xyl 
FS Visco  AP 
Wt 
0.287 
NS 
                                
TS 
-0.779 
*** 
-0.230 
NS 
                               
FDS 
-0.374 
NS 
0.073 
NS 
-0.118 
NS 
                             
Amy 
0.336 
NS 
0.407 
NS 
-0.466 
NS 
0.091 
NS 
                           
AP 
-0.721 
*** 
-0.333 
NS 
0.939 
*** 
-0.125 
NS 
-0.743 
*** 
                         
Am/AP 
0.668 
** 
0.504 
NS 
-0.789 
*** 
0.030 
NS 
0.882 
*** 
-0.941 
*** 
                          
NDF 
0.529 
* 
0.529 
* 
-0.425 
NS 
-0.191 
NS 
-0.000 
NS 
-0.321 
NS 
0.203 
NS 
                        
ADF 
0.424 
NS 
0.424 
NS 
-0.146 
NS 
-0.575 
* 
0.483 
* 
-0.299 
NS 
0.481 
* 
-0.076 
NS 
                      
Lignin 
0.503 
* 
0.503 
* 
-0.293 
NS 
-0.453 
NS 
0.412 
NS 
-0.383 
NS 
0.536 
* 
-0.104 
NS 
0.756 
*** 
                    
TNSP 
0.003 
NS 
-0.467 
NS 
0.184 
NS 
-0.548 
* 
-0.035 
NS 
0.153 
NS 
-0.135 
NS 
0.206 
NS 
0.257 
NS 
0.044 
NS 
                  
INSP 
0.163 
NS 
-0.263 
NS 
0.087 
NS 
-0.643 
** 
0.057 
NS 
0.043 
NS 
0.005 
NS 
0.237 
NS 
0.445 
NS 
0.278 
NS 
0.967 
*** 
                
SNSP 
-0.606 
** 
-0.812 
*** 
0.388 
NS 
0.313 
NS 
-0.349 
NS 
0.430 
NS 
-0.543 
* 
-0.103 
NS 
-0.683 
** 
-0.747 
*** 
0.235 
NS 
0.022 
NS 
              
TNSP: 
INSP 
0.640 
** 
0.540 
* 
-0.314 
NS 
-0.632 
** 
0.324 
NS 
-0.364 
NS 
0.477 
* 
0.209 
NS 
0.840 
*** 
0.769 
*** 
0.255 
NS 
0.491 
* 
-0.869 
*** 
            
TNSP: 
SNSP 
-0.640 
** 
-0.540 
* 
0.314 
NS 
0.632 
** 
-0.324 
NS 
0.364 
NS 
-0.477 
* 
-0.209 
NS 
-0.840 
*** 
-0.769 
*** 
-0.255 
NS 
-0.491 
* 
0.869 
*** 
-1.000 
*** 
            
INSP: 
SNSP 
-0.634 
** 
-0.554 
* 
0.315 
NS 
0.607 
** 
-0.344 
NS 
0.372 
NS 
-0.489 
* 
-0.244 
NS 
-0.812 
*** 
-0.757 
*** 
-0.250 
NS 
-0.487 
* 
0.874 
*** 
-0.989 
*** 
0.989 
*** 
          
T-Ara/ 
Xyl 
0.386 
NS 
0.319 
NS 
-0.026 
NS 
-0.653 
** 
-0.120 
NS 
0.027 
NS 
0.026 
NS 
0.138 
NS 
0.522 
* 
0.443 
NS 
0.023 
NS 
0.188 
NS 
-0.634 
** 
0.674 
** 
-0.674 
** 
-0.680 
** 
         
I-Ara/ 
Xyl 
0.229 
NS 
0.260 
NS 
0.037 
NS 
-0.628 
** 
-0.023 
NS 
0.037 
NS 
0.039 
NS 
0.125 
NS 
0.514 
* 
0.338 
NS 
0.059 
NS 
0.200 
NS 
-0.554 
* 
0.599 
** 
-0.599 
** 
-0.622 
** 
0.959 
*** 
        
S-Ara/ 
Xyl 
0.57- 
NS 
0.654 
** 
-0.274 
NS 
-0.533 
* 
0.296 
NS 
-0.322 
NS 
0.447 
NS 
0.062 
NS 
0.814 
*** 
0.846 
*** 
-0.002 
NS 
0.239 
NS 
-0.912 
*** 
0.918 
*** 
-0.908 
*** 
-0.915 
*** 
0.762 
*** 
0.684 
** 
      
FS 
0.661 
** 
0.758 
** 
-0.477 
* 
-0.285 
NS 
0.474 
* 
-0.546 
* 
0.653 
** 
0.060 
NS 
0.667 
** 
0.756 
*** 
0.058 
NS 
0.281 
NS 
-0.831 
*** 
0.835 
*** 
-0.835 
*** 
-0.844 
*** 
0.307 
NS 
0.303 
NS 
0.767 
*** 
    
Visco 
-0.301 
NS 
-0.488 
* 
0.404 
NS 
-0.468 
* 
-0.401 
NS 
0.463 
NS 
-0.473 
* 
-0.199 
NS 
-0.120 
NS 
-0.125 
NS 
0.544 
* 
0.428 
NS 
0.846 
* 
-0.183 
NS 
0.183 
NS 
0.218 
NS 
0.098 
NS 
0.519 
NS 
-0.277 
NS 
-0.329 
NS 
  
AP 
-0.631 
** 
-0.687 
** 
0.526 
* 
0.253 
NS 
-0.383 
NS 
0.548 
* 
-0.618 
** 
-0.026 
NS 
-0.687 
** 
-0.863 
*** 
0.087 
NS 
-0.131 
NS 
0.836 
*** 
-0.769 
*** 
0.769 
*** 
0.772 
*** 
-0.447 
NS 
-0.330 
NS 
-0.870 
*** 
-0.759 
*** 
0.396 
NS 
 
PL 
-0.539 
* 
-0.656 
** 
0.446 
NS 
0.255 
NS 
-0.238 
NS 
0.430 
NS 
-0.497 
* 
-0.025 
NS 
-0.475 
* 
-0.871 
*** 
0.040 
NS 
-0.152 
NS 
0.797 
*** 
-0.654 
** 
0.654 
** 
0.657 
** 
-0.376 
NS 
-0.245 
NS 
-0.735 
*** 
-0.767 
*** 
0.147 
NS 
0.865 
*** 
Abbrebiations: CP: crude protein, Wt: bushel weight (kg/hL), TS: total starch, FDS: fast digestible starch, Amy: amylose, Ap: amylopectin, Am/Ap: amylose to amylopectin ratio, NDF: neutral detergent fibre, ADF: acid 
detergent fibre, TNSP: total NSP, INSP: insoluble NSP, SNSP: soluble NSP, FS: free sugars, Visco: in vitro extract viscosity (mPas), AP: annual precipitation level (mm), PL:precipitation level during the growth of wheat 
(mm). NS: not significant, *P<0.05, **P<0.01, ***P<0.001  
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Appendix 3. Correlation matrix of change of chemical compositions of 9 wheat samples over two growing seasons 
 CP  Wt  TS  FDS  Amy  AP  Am/Ap  NDF  ADF  Lignin  TNSP  INSP  SNSP 
TNSP: 
INSP 
TNSP: 
SNSP 
INSP: 
SNSP 
T-Ara/ 
Xyl 
I-Ara/ 
Xyl 
S-Ara/ 
Xyl 
FS 
Wt 
-0.668 
* 
                             
TS 
-0.879 
** 
0.733 
* 
                            
FDS 
-0.484 
NS 
0.652 
NS 
0.270 
NS 
                         
Amy 
0.173 
NS 
-0.096 
NS 
-0.160 
NS 
-0.193 
NS 
                       
AP 
-0.810 
** 
0.655 
NS 
0.906 
*** 
0.308 
NS 
-0.563 
NS 
                     
Am/AP 
0.659 
NS 
-0.428 
NS 
-0.641 
NS 
-0.394 
NS 
0.829 
** 
-0.893 
*** 
                      
NDF 
0.756 
* 
-0.523 
NS 
-0.662 
NS 
-0.272 
NS 
0.023 
NS 
-0.564 
NS 
0.415 
NS 
                    
ADF 
0.128 
NS 
-0.214 
NS 
0.062 
NS 
-0.505 
NS 
0.203 
NS 
-0.035 
NS 
0.157 
NS 
-0.410 
NS 
                  
Lignin 
-0.204 
NS 
0.039 
NS 
0.372 
NS 
-0.533 
NS 
0.512 
NS 
0.092 
NS 
0.240 
NS 
-0.476 
NS 
0.735 
* 
                
TNSP 
0.407 
NS 
-0.842 
** 
-0.433 
NS 
-0.573 
NS 
0.296 
NS 
-0.490 
NS 
0.374 
NS 
0.308 
NS 
0.293 
NS 
0.277 
NS 
              
INSP 
0.420 
NS 
-0.839 
** 
-0.446 
NS 
-0.552 
NS 
0.269 
NS 
-0.488 
NS 
0.359 
NS 
0.358 
NS 
0.249 
NS 
0.233 
NS 
0.997 
*** 
            
SNSP 
0.086 
NS 
-0.530 
NS 
-0.097 
NS 
-0.601 
NS 
0.474 
NS 
-0.284 
NS 
0.366 
NS 
-0.318 
NS 
0.642 
NS 
0.680 
* 
0.668 
* 
0.610 
NS 
          
TNSP: 
INSP 
0.448 
NS 
-0.517 
NS 
-0.381 
NS 
-0.263 
NS 
-0.114 
NS 
-0.270 
NS 
0.109 
NS 
0.835 
** 
-0.350 
NS 
-0.309 
NS 
0.530 
NS 
0.588 
NS 
-0.233 
NS 
        
TNSP: 
SNSP 
-0.532 
NS 
0.484 
NS 
0.484 
NS 
0.195 
NS 
0.172 
NS 
0.331 
NS 
0.129 
NS 
-0.907 
*** 
0.473 
NS 
0.486 
NS 
-0.403 
NS 
-0.465 
NS 
0.370 
NS 
-0.970 
*** 
        
INSP: 
SNSP 
-0.633 
NS 
0.521 
NS 
0.535 
NS 
0.289 
NS 
0.210 
NS 
0.357 
NS 
-0.153 
NS 
-0.876 
** 
0.256 
NS 
0.367 
NS 
-0.439 
NS 
-0.498 
NS 
0.308 
NS 
-0.939 
*** 
0.961 
*** 
      
T-Ara/ 
Xyl 
-0.114 
NS 
0.592 
NS 
0.214 
NS 
0.634 
NS 
-0.583 
NS 
0.429 
NS 
-0.520 
NS 
0.060 
NS 
-0.480 
NS 
-0.551 
NS 
-0.644 
NS 
-0.599 
NS 
-0.855 
** 
0.035 
NS 
-0.179 
NS 
-0.181 
NS 
     
I-Ara/ 
Xyl 
-0.048 
NS 
0.659 
NS 
0.155 
NS 
0.708 
* 
-0.270 
NS 
0.212 
NS 
-0.226 
NS 
0.140 
NS 
-0.481 
NS 
-0.578 
NS 
-0.749 
* 
-0.710 
* 
-0.871 
** 
-0.063 
NS 
-0.111 
NS 
-0.064 
NS 
0.901 
*** 
    
S-Ara/ 
Xyl 
-0.520 
NS 
0.697 
* 
0.612 
NS 
0.559 
NS 
-0.465 
NS 
0.712 
* 
-0.686 
* 
-0.167 
NS 
-0.159 
NS 
-0.199 
NS 
-0.490 
NS 
-0.450 
NS 
-0.673 
* 
0.077 
NS 
-0.050 
NS 
-0.031 
NS 
0.663 
NS 
0.555 
NS 
  
FS 
0.573 
NS 
-0.421 
NS 
-0.428 
NS 
-0.223 
NS 
0.291 
NS 
-0.483 
NS 
0.402 
NS 
0.465 
NS 
0.356 
NS 
0.024 
NS 
0.569 
NS 
0.588 
NS 
0.175 
NS 
0.487 
NS 
-0.422 
NS 
-0.484 
NS 
-0.230 
NS 
-0.150 
NS 
0.012 
NS 
 
Visco 
0.169 
NS 
-0.373 
NS 
-0.247 
NS 
-0.458 
NS 
0.422 
NS 
-0.388 
NS 
0.439 
NS 
-0.427 
NS 
0.696 
* 
0.600 
NS 
0.379 
NS 
0.316 
NS 
0.852 
** 
-0.509 
NS 
0.564 
NS 
0.434 
NS 
-0.665 
* 
-0.648 
NS 
-0.717 
* 
0.005 
NS 
Abbrebiations: CP: crude protein, Wt: bushel weight (kg/hL), TS: total starch, FDS: fast digestible starch, Amy: amylose, Ap: amylopectin, Am/Ap: amylose to amylopectin ratio, NDF: neutral detergent fibre, ADF: 
acid detergent fibre, TNSP: total NSP, INSP: insoluble NSP, SNSP: soluble NSP, FS: free sugars, Visco: in vitro extract viscosity (mPas), AP: annual precipitation level (mm), PL:precipitation level during the 
growth of wheat (mm). NS: not significant, *P<0.05, **P<0.01, ***P<0.001    Appendices 
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Appendix 4. Relationship between total-P and phytate-P content of 18 wheats 
harvested over two growing seasons (95% confidence interval: lower 0.76 mg, 
upper 0.98 mg/100g; Residual standard deviation: 12.50 mg/100g) 
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Appendix 5. Effect of variety, growing region and growing season on DE content of 
WA wheat determined with 28-day-old male pigs
A 
  DE (MJ/kg ‘as is’) 
Year 1999    2000 
 Combined   
(1999 & 2000) 
Growing region (rainfall zone)
B   Arrino     
High  12.9 (0.15)    13.9 (0.19)    13.4 (0.20) 
Medium  13.7 (0.09)    12.6 (0.18)    13.0 (0.19) 
Low  13.5 (0.11)    13.7 (0.23)    13.6 (0.12) 
     Stiletto     
High  12.5 (0.15)    12.9 (0.12)    12.7 (0.12) 
Medium  13.4 (0.31)    13.6 (0.11)    13.5 (0.16) 
Low  13.7 (0.11)    14.0 (0.23)    13.9 (0.13) 
     Westonia     
High  13.4 (0.37)    14.1 (0.20)    13.7 (0.23) 
Medium  13.7 (0.17)    14.2 (0.14)    14.0 (0.13) 
Low  13.8 (0.19)    14.4 (0.21)    14.1 (0.17) 
Pooled Mean  13.3 (0.09)    13.7 (0.10)    13.5 (0.17) 
Minimum 12.5    12.6    12.7 
Maximum 13.8    14.4    14.1 
CV (%)  3.40    4.39    4.02 
AValues are mean (± SEM) DE content (air-dry basis) determined from 5 pigs per wheat per treatment combination. 
BHigh rainfall area: >450 mm annual precipitation; medium rainfall area: 325 - 450 mm annual precipitation, and low rainfall 
area: <325 mm annual precipitation, (The Crop Variety Sowing Guide for Western Australia 2000). 
 
 